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ABSTRACT
Drosophila melanogaster, along with all insects and the vertebrates, lacks an RNA-dependent 
RNA polymerase (RdRp) gene. We therefore asked whether the C. elegans RdRp genes 
could be introduced into Drosophila in order to study the effects on RNAi. This system also 
allowed us to ask whether there were any effects on development, possibly due to 
interference with microRNA (miRNA) regulation of genes. To address these questions, we 
introduced the two C. elegans RdRp genes, rrf-1 and ego-1, into D. melanogaster through 
microinjection. Activation of the gene was performed by crossing these lines to flies carrying 
the GAL4 transgene under the control of various Drosophila enhancers. Activation of the 
RdRp genes did not elicit any observable phenotypic changes in the eyes, wing discs, or 
whole body of adult flies. RT-PCR confirmed the successful RdRp gene expression. We also 
asked whether these RdRps were capable of enhancing RNAi of a specific, known target 
gene, triggered by a dsRNA corresponding to that gene. In order to test this, we selected 
pebble as the candidate endogenous and eGFP as an exogenous gene. Expression of RdRps in 
RNAi results in differential silencing activities: rrf-1 enhances transitive RNAi and ego-1 
silences transgenes by a non-RNAi pathway, the silencing by ego-1 is independent of 
dsRNA-dependent RNAi, appearing to be transcriptional and restricted to transgenes. We 
therefore postulate that ego-1 transcriptionally silences transgenes through mitotic unpaired 
gene silencing mechanism in Drosophila.
For identification of miRNAs in Helicoverpa armigera, initially, next generation Illumina 
sequencings were performed with three Helicoverpa total RNA samples from different
I
tissues and different stages, i.e. neonate, gut, and pupae, about 1.26M unique sequences from 
19-24 nts long were harvested. To identify candidate miRNAs, sequence alignment with 
miRNAs retrieved from miRBase from similar species and the pipeline miRDeep analysis 
were used. Sequence comparison matched 76 distinct miRNAs while miRDeep prediction 
gave 164 predicted miRNAs, this gave final 204 miRNAs in total, among which 76 miRNAs 
are conserved and 128 are novel. 15 miRNAs from above are uniquely expressed in the gut; 
three of them were confirmed with Northern blot and Hybridization.
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CHAPTER ONE INTRODUCTION
1.1 RNA INTERFERENCE AND SMALL RNAs
1.1.1 RNA INTERFERENCE
Gene silencing by the presence of excessive DNA segments is called co-suppression in 
plants, quelling in fungi, and RNA interference in animals (1-4). Shiu et al, 2001 identified a 
meiotic silencing by unpaired DNA (MSUD) in Neurospora; they found that DNA unpaired 
in meiosis causes silencing of all DNAs and fragments that are homologous to it, including 
genes that are themselves paired. In this process, a gene, sad-1, encoding a putative RNA- 
dependent RNA polymerase (RdRp) was found to be required for the meiotic silencing 
phenomenon (5).
RNA interference (RNAi), historically known as post-transcriptional gene silencing (PTGS) 
and quelling, is a system within living cells that helps to control which genes are active and 
how active they are. In 2006, Andrew Fire and Craig C. Mello shared the Nobel Prize in 
Physiology or Medicine for their work on RNA interference in the nematode worm 
Caenorhabditis elegans published in 1998, in which they found that microinjection of 
exogenous double-stranded RNA (dsRNA) could specifically and efficiently silence C. 
elegans genes (2). This idea developed from the discovery that production of antisense RNA 
leads to effective and specific inhibition of gene expression in C. elegans muscle (6).
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The RNAi pathway is found in many eukaryotes, including plants, animals, and fungi, and is 
initiated by the enzyme Dicer. Two types of small RNA (sRNA) molecules -  microRNA 
(miRNA) and small interfering RNA (siRNA) -  are central to RNA interference. The well- 
studied RNAi phenomenon is post-transcriptional gene silencing which occurs when the 
guide strand of the siRNA base pairs with the complementary sequence of a messenger RNA 
molecule and induces cleavage by the Argonaute complex.
1.1.2 THE FIRST DISCOVERY OF miRNAs
MiRNAs constitute a large family of small, approximately 21-nucleotides-long, non-coding 
RNAs that have emerged as key post-transcriptional regulators of gene expression in 
metazoans and plants (7); they were first discovered nearly two decades ago.
In 1993, when Lee et al. were trying to characterize a gene, lin-4. that controls the timing of 
larval development in C. elegans, they found that it was located within the intron of an 
unknown gene and targeted another gene, lin-14. They then cloned the lin-4 locus by 
chromosomal walking and transformation rescue. Genomic sequence analysis and site- 
directed mutagenesis of the open reading frames indicated that it did not encode a protein; 
instead, it produced two small transcripts of approximately 22 and 61nt, which were 
complementary to a repeated sequence in the 3’ untranslated region of lin-14 mRNA. Further 
evidence indicated that it negatively regulated lin-14 translation by an RNA-RNA antisense 
interaction mechanism. Northern blots and RNase protection experiments confirmed that the 
lin-4 small RNAs were present in total RNA preparation (8).
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Similarly, Reinhart et al, 2000 identified another miRNA, let-7 (21 nt), in C. elegans (9). 
After that, homologs of let-7 with temporal expression were found in other bilateral animals, 
indicating that let-7 and other similar sRNAs may have an orthologous role in diverse 
metazoan lineages (10). Further, lin-4 and let-7 RNAs were found to be a very common class 
of small endogenous RNAs, across many species including worms, flies and mammals, 
where they were named as microRNAs, i.e. miRNAs (11-13). Thereafter research on 
miRNAs has become a major research area.
Subsequently, miRNAs were found to comprise a broad class of small RNA regulators. The 
two categories of small RNAs have become firmly embedded in our view of the gene 
regulatory landscape, as Carthew et al, 2009 said: “miRNAs, as regulators of endogenous 
genes, and siRNAs, as defenders of genome integrity in response to foreign or invasive 
nucleic acids such as viruses, transposons. and transgenes” (14).
1.1.3 OTHER TYPES OF SMALL RNAs
1.1.3.1 Small interfering RNAs (siRNAs)
Small interfering RNAs, i.e. siRNAs, sometimes known as short interfering RNAs or 
silencing RNAs, are a class of double-stranded RNA molecules of 20-25 nucleotides in 
length. siRNAs actively participate in many pathways and play a variety of roles in biology, 
such as involvement in the RNA interference (RNAi) pathway, where they interfere with the
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expression of a specific gene, downregulating gene expression, or acting in RNAi-related 
pathways, e.g., as an antiviral mechanism or in shaping the chromatin structure of a genome.
Hamilton and Baulcombe first discovered siRNAs in 1999, and found that they functioned as 
part of post-transcriptional gene silencing in plants (15). Shortly afterwards in 2001, Elbashir 
et al found that synthetic siRNAs were able to induce RNAi in mammalian cells; this has led 
to a surge of activity using silencing as a tool for gene function and drug target validation 
studies in biomedical research and drug development (16).
siRNAs have a well-defined structure as shown in Fig 1.1: a short (usually 21-nt) double 
strand of RNA (dsRNA) with 2-nt 3' overhangs on either end. which results from dicer 
processing. Dicer is an enzyme that converts either long dsRNAs or small hairpin RNAs into 
siRNAs (17). siRNAs can be generated endogenously or exogenously (9); exogenous 
siRNAs can be produced by introducing foreign dsRNAs into cells through transfection 
methods to specifically knockdown a gene of interest based on the sequence complementarity 
between the siRNA and its target mRNA.
HQ
OH
Fig. 1.1 Structure of a siRNA molecule (adapted from 
http://en.wikipedia.org/wiki/Smail interfering RNA.) (17). A 19 nucleotide basepair RNA 
duplex with a standard 2 nucleotide 3’ overhang on each strand. OH: 3’ hydroxyl; P: 5’ 
phosphate.
4
1.1.3.2 Piwi-interacting RN As (piRNAs)
Piwi-interacting RNAs form a distinct population of siRNAs, which are closely associated 
with the piwi protein. This class of siRNAs is normally 25-27 nt in length, and they were first 
found in Drosophila. They are homologous to the repetitive Stellate locus, and were found to 
be correlated with its silencing and required the Piwi clade protein Aubergine for function 
(18). Like miRNAs, piRNAs are generated from a single long transcript, and are thought to 
be involved in transposon repression. Studies of piRNAs have pointed to a conserved 
function in the control of mobile genetic elements, and this is consistent with the defects in 
transposon suppression observed in Piwi mutants (19, 20). Piwis and piRNAs form a system 
distinct from the canonical RNAi and miRNA pathways.
1.1.4 SIMILARITY AND DIFFERENCE BETWEEN miRNAs AND OTHER TYPES OF 
sRNAs
Like miRNAs, many of these other sRNAs function as guide RNAs together with other 
proteins, such as the Argonautes, for RNA silencing (RNAi). However, they differ in their 
biogenesis; miRNAs derive from long single transcripts (approximately 70 nt) that can fold 
back on themselves to form distinctive hairpin structures (21), while the other types of 
endogenous small RNAs derive either from longer hairpins that are processed by Dicer and 
give rise to a greater diversity of small RNAs, mostly called primary siRNAs, or from 
bimolecular RNA duplexes (siRNAs), and even precursors that will not be able to form hair­
pin structure (piRNAs) (22). After processing, one of the antisense strands will load onto the 
Argonaute protein of the silencing complex (23, 24) incorporated into an RNA-induced
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silencing complex (RISC), then target mRNAs through complete complementarity (16, 25). 
In contrast, miRNAs are produced from a single stranded hair-pin precursor transcript about 
70nt long; one of the strands will target mRNAs by 0-4 mismatch complementarity (in plants) 
or non-perfect complementarity (1-2 mismatch or even more) in animals, usually in the 
3?UTR (untranslated) region.
Recently, Pak and Fire 2007, and Sijen el al, 2007 found unprimed secondary siRNAs in C. 
elegans produced by an endogenous RNAi amplifier, RNA-dependent RNA polymerase 
(RdRp) (26, 27), which enhance target gene silencing. To distinguish these siRNAs produced 
by either Dicer or RdRp. the previously-produced siRNAs by Dicer were named as primary 
siRNAs; accordingly, those siRNAs amplified by RdRp were called secondary siRNAs.
1.1.5 miRNAs FOR POST-TRANSCRIPTIONAL REPRESSION
The miRNAs pair with mRNAs at the 3’UTR to direct post-transcriptional repression. When 
this pairing is with complete complementarity as in plants, miRNAs can direct Argonaute- 
catalyzed mRNA cleavage (23, 28). However, in cases where mismatch(es) occur as in 
animals, this will usually result in miRNA directed translational repression, mRNA 
destabilization, or a combination of the two (8. 29). Filipowicz et al, 2008 has reviewed these 
repression processes including mi RNA-directed translational repression and mRNA 
destabilization, translational repression including inhibition of translation initiation and 
poly(A) shortening (7).
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Fig. 1.2 Biogenesis of microRNAs and their assembly into microribonucleoproteins (7).
Primary miRNA (Pri-miRNA) was produced from miRNA-coding genes. Followed by processing through 
the proteins Drosha and its parterner DGCR8, Pri-miRNA becomes Pre-miRNA, another pathway to 
generate Pre-miRNA is from Mitron, i.e. spliced-out intron. The Pre-miRNA was transported to 
cytoplasm through the protein exportins, where they matured through Dicer/TRBP digestion; the mature 
miRNA will incorporate into RNA-induced silencing complex (RISC) with Argonaute and other proteins 
for mRNA degration or translational repression. This process is mainly occurred in mammals.
Filipowicz et al., 2008 have provided a thorough review on the biogenesis of miRNAs in 
Nature Genetics (7). After transcription from miRNA encoding genes (see Fig. 1.2), 
primary miRNAs (Pri-miRNAs) are produced with standard hair-pin structures and polyA 
tails; they are processed by Drosha and its partner protein pasha, in Drosophila
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melanogaster or DiGeorge syndrome critical region gene 8 (DGCR8) in mammals. The 
Drosha-DGCR8 complex processes pri-miRNAs to ~70-nucleotide hairpins known as pre- 
miRNAs (30, 31). There is also another pathway that can generate pre-miRNAs through 
mirtrons (spliced-out introns) (32, 33). This Drosha-DGCR8 processing only occurs in 
animals, as plant genomes do not encode Drosha homologues, and all miRNA biogenesis 
steps in Arabidopsis thalicma are carried out by one of four Dicer-like proteins (7, 34).
In animals, pre-miRNAs are transported to the cytoplasm by exportin5, where they are 
cleaved by Dicer that is complexed with TAR RNA binding protein (TRBP) in mammals, or 
the loquacious gene product in D. melanogaster, to yield ~20-bp miRNA duplexes. One 
strand, also known as the guide strand, is then selected to function as a mature miRNA, while 
the other strand, the miRNA star (miRNAs*) is degraded. However, recent studies on 
miRNA* have shown that they may also participate in regulation of gene expression (35). 
Occasionally, both arms of the pre-miRNA hairpin give rise to mature miRNAs (32, 33).
After processing, miRNAs are assembled into ribonucleoprotein (RNP) complexes called 
micro-RNPs (miRNPs) or miRNA-induced silencing complexes (miRISCs) for targeting 
mRNAs, in which the Argonaute (AGO) family proteins play a major role. However, only 
some known AGO proteins function in miRNA or both miRNA and si RNA pathways. In 
mammals, four AGO proteins (AGOl to AG04) function in miRNA repression, but only 
AG02 functions in RNAi. Apart from AGOs, miRISCs can contain some other proteins that 
function as regulatory factors or effectors mediating inhibitory functions of miRNPs (7, 36, 
37).
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1.2 miRNAs IN INSECTS
1.2.1 miRNAs IN MODEL SYSTEMS
Currently, mirBase (http://www.mirbase.ora) is the world's largest miRNA database; it 
provides a searchable online repository for published miRNA sequences and associated 
annotation. Release 15 of the database contains 14197 entries representing hairpin precursor 
miRNAs, expressing 15632 mature miRNA products, in 133 species. The data are freely 
available to all through the web interface at http://www.mirbase.org/ and in flatfile form from 
http://mirbase.org/pub/mirbase/.
Table 1.1 miRNAs from model systems (miRBase release 16 (2010)).
Species m iR N A s in database
D rosophila m eianogaster 196
A n opheles gam hiae 65
Bom hyx m ori 562
C. elegans 233
Tribolium  castaneum 56
A pis m ellifera 58
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Since the identification of the first miRNAs lin-4 and let-7 in C. elegans, many miRNAs have 
been found in fungi, plants, and other animals. Table 1.1 shows the miRNAs already 
identified in insect species and worms, from which C. elegans has the most miRNAs 
identified (154). These data was obtained from miRBase release 13 (2009).
1.2.2 IDENTIFICATION OF miRNAs
To identify miRNAs, the traditional experimental approaches relied on cloning and Sanger 
sequencing protocols (38), which allowed human and murine miRNAs to be profiled in 
hundreds of cDNA libraries from dozens of tissues (39). A complementary approach through 
computational predictions analyses genomic DNA for structures that resemble known 
miRNA precursors. Although this method is efficient for identifying many potential 
miRNAs, it is compromised by sensitivity and substantial numbers of false positives; 
therefore, purely computational approaches require experimental follow-up. which is quite 
difficult for miRNAs with low expression levels in the sample (40).
The recently developed next generation ‘Deep-sequencing' technologies have opened the 
door to detecting and profiling known and novel miRNAs at unprecedented sensitivity. 
Solexa/Illumina and 454 Life Sciences/Roche systems can sequence DNA orders of 
magnitude faster and at lower cost than Sanger sequencing and the technology is evolving so 
rapidly that increases in sequencing speed by at least another order of magnitude is expected 
over the next few years (41). Although the Solexa/Illumina system can produce ~32 million 
sequencing reads in one run, the read length is limited. In contrast, the current 454 platform 
yields longer reads while the number of reads is much less than that of Solexa/Illumina (41).
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However, sequencing errors and polymorphisms, as well as RNA editing and splicing are 
major factors that contribute to ambiguity. Although currently almost all of these problems 
remain mostly unsolved, deep sequencing still is an efficient method that can successfully 
survey the small RNA contents of animal genomes with unmatched sensitivity (41).
Deep sequencing can generate profiles of miRNAs by measuring absolute abundance. It 
allows for the discovery of novel miRNAs that have eluded previous cloning and standard 
sequencing efforts (42). Deep sequencing overcomes many of the disadvantages of 
microarrays, which suffer from background and cross-hybridization problems and measure 
only the relative abundances of previously discovered miRNAs. In contrast, deep sequencing 
measures relative abundance (over a wider dynamic range than possible with microarrays) 
and is not limited by array content, allowing for the discovery of novel miRNAs or other 
small RNA species (42). Besides Illumina's Genome Analyzer (GA), a number of other deep 
sequencing technologies are currently in widespread use, including 454 and ABI SOLiD (42).
After deep sequencing, the identification of miRNAs from the large pool of sequenced 
transcripts from a single deep sequencing run remains a major challenge. Recently, 
Friedlander et al, 2008 invented an algorithm, miRDeep, which uses a probabilistic model of 
miRNA biogenesis to score compatibility of the position and frequency of sequenced RNA 
with the secondary structure of the miRNA precursor. This approach (see Figs 1.3, 1.4) has 
the virtue of relying on the biological model of miRNA precursor processed by Dicer, which 
is the basis of miRDeep algorithm, and is capable of both recovering the majority of known 
miRNAs present in heterogeneous deep sequencing samples and reporting novel miRNAs 
with high confidence (41).
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a Sequencing reads
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miRNA 
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Mature
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Star sequence
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Dicer cleavage Deep sequencing
Non-mi RNA products
Non-miRNA 
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r
Sequencing reads
Non-Dicer processing Deep sequencing
or degradation
Fig. 1.3 Analyzing the compatibility of sequenced RNAs with miRNA Biogenesis (adapted from 
Friedländer et al., 2008) (41).
(a) miRNA precursor is cleaved by Dicer to produce the mature miRNA sequence, the star sequence and 
the loop. All the small sequences are deep sequenced; however, the mature sequences are more abundant 
in the cell and are therefore also sequenced more frequently than the loop and star sequence RNAs. (b) 
Hairpins that are not processed by Dicer are also sequenced. However, the pattern of reads from each 
part will be inconsistent with the pattern generated by Dicer processing.
1.2.3 VALIDATION OF miRNAs
As miRNAs and siRNAs are involved in both transcriptional and post-transcriptional gene 
silencing networks, a system with high sensitivity and specificity to quantitatively detect their 
expression levels in cells and tissues is required for investigation of these small regulatory 
RNAs. However, due to the short length of 19-24 nucleotides and strong similarity between 
related species, most conventional expression analysis methods are ineffective (43).
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Deep sequencing reads mapped to the genome
>f
Discard reads that map to many genomic loci 
Optional: discard reads that map to rRNAs,tRNAs, etc.
J
Use sequence reads to excise potential 
miRNA precursors from the genome
r \  >f
~ 1 ^ ------ Discard unlikely miRNAs precursors
>f
miRDeep probabilisticscoringof structure and signature
>f
Mature and precursor miRNAs
Fig. 1.4 Flowchart diagram representing the miRDeep software package (adapted from Friedländer et al., 
2008) (41).
After the deep sequencing, reads are mapped to the genome, those that map to many genome loci are 
discarded, the algorithm excises genomic DNA bracketing these alignments and computes their secondary 
RNA structure. Plausible miRNA precursor sequences are then identified and scored for their likelihood 
to be real miRNA precursors.
Currently, the most popular methods for miRNA validation and quantification include: 1: 
stem-loop real RT-PCR (44) or key primer real RT-PCR (43); 2: traditional methods, i.e. 
Northern blotting and hybridization.
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Fig. 1.5 Schematic description of TaqMan miRNA assays (adapted from Chen et al., 2005) (44).
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Fig. 1.6 Assay design of TaqMan real-time PCR for small RNA (adapted from Yang et al., 2009) (43).
The TaqMan-based qRT-PCT quantification (Fig. 1.5) contains two steps: 1. Stem-loop RT; 
2. Real time PCR. The stem-loop primer contains a sequence 
(GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGAC) that can fold by
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itself to form a hair-pin structure plus 4-6 nt that are complementary to the 3* end of target 
miRNAs. Next, the RT products are quantified using conventional TaqMan PCR. Similarly, 
the key primer method uses the same principle except the sequence for hair-pin structure is 
modified as shown in Fig. 1.6. The advantage of this method is that it can quantify many 
miRNAs at a time, it is more sensitive, and requires less total RNA, but sRNAs must first be 
separated from total RNA as this can cause false positive results.
The traditional method for Northern hybridization to validate miRNAs was described by 
Friedlander et al, 2008 (41); total miRNAs are run on the gel followed by probing with 
radioactively labelled DNA probes. In comparison, this method is time-consuming, each 
miRNA needs to be hybridized individually, and the detection is not as sensitive as qRT- 
PCR. particularly for those miRNAs that are not abundant. The advantage of this method is 
signal detection is stable and genuine and less likely to be false positive.
1.3 RdRp AND ITS EVOLUTION
RNA-dependent RNA polymerases (RdRp) were initially discovered in the early 1960s based 
on the studies of mengovirus and polio virus. They were not sensitive to actinomycin D, a 
drug inhibitor for inhibiting cellular DNA directed RNA synthesis, indicating that this 
specific enzyme could copy RNA from an RNA template rather than from a DNA template. 
After that, many cellular RdRps unrelated to the viral enzymes were found in many different 
species ranging from fungi, plants to some low ranking animals like nematodes, where 
RdRPs were found to be required for RNA silencing (45).
15
In C. elegans, there are four RdRps, i.e. rrf-1, rrf-2, rrf-3 and ego-1; rrf-1 and rrf-2 are 
nonessential, while mutations in ego-1 or rrf-3 lead to fertility defects (46, 47). rrf-3 is 
functionally distinct from ego-1 in that the rrf-2 requirement in fertility is temperature 
dependent (48). Gent et al, 2009 also found that loss of rrf-2 function resulted in pleiotropic 
defects in sperm development and that sperm defects led to embryonic lethality (48).
It has long been thought that the cellular RdRps were involved in RNAi and served as RNAi 
amplifiers through producing extra siRNAs; they played a role in host immuno-defence for 
maintaining genome integrity, protecting the genome from foreign DNA and virus RNA 
invasion. However, in flies and mammals, siRNAs have not been shown to participate in a 
further amplification step involving an RdRP and the synthesis of dsRNA, as has been 
observed in S. pombe, C. elegans and plants (45).
Small RNA molecules that silence gene expression are amplified by different mechanisms in 
nematodes and plants. In both systems, transitivity and secondary siRNA production amplify 
silencing-related RNAs so that silencing persists in the absence of the initiator dsRNA (49) 
(Fig. 1.7).
In C. elegans, systemic RNAi has been shown to require genes for two types of proteins that 
are not found in all organisms. One type of gene encodes proteins of the SID family, which 
are required for dsRNA uptake and transport; these include SID-1 which encodes a multispan 
transmembrane protein, and SID-2, encoding an intestinal luminal transmembrane protein 
that enables passive cellular uptake of dsRNA (50, 51). The other family of genes encodes 
RdRps that are responsible for the production of secondary siRNAs (26, 27).
16
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RdRp r f m r ~ ^ m r ~ & m r
Secondary siRNA—►
> Dicer
Secondary siRNA
Fig. 1.7 Differential production of secondary siRNAs in plants and animals. Adapted from (David C. 
Baulcombe, 2007, science) (49).
Secondary siRNAs are produced differentially in animals and plants. In C. elegans, an Argonaute protein 
together with a primary siRNA targets a long single-stranded RNA followed by the recruitment of an 
RdRP that synthesizes 22-23 nucleotide secondary siRNAs directly. In plants, when the long single- 
stranded RNA has two targets for primary siRNA or miRNA, the recruitment of RdRP is optimal. The 
miRNA/protein complex then converted the targeted RNA to long double-stranded RNA. Following Dicer 
digestion, the secondary siRNAs are generated.
Possible SID genes are found in most other insect orders but based on current evidence it is 
doubtful that they function in systemic RNAi. For example the multiple SID-1 orthologues in 
Tribolium are considered likely not to function in systemic RNAi (52). The RdRp gene is 
missing from all insects, as well as from vertebrates (Fig. 1.8) (53), and no evidence for any 
amplification of RNAi has been observed.
Despite having both siRNA and miRNA pathways, in Drosophila, even though it has a robust 
RNAi response to exogenous dsRNAs and siRNAs, genes are not susceptible to systemic 
RNAi silencing by injection or feeding (54). This lack of the ability to amplify and spread 
gene silencing is most likely due to the absence of any RdRp orthologues, although a dsRNA- 
uptake system has recently been identified (55, 56) that allows systemic silencing of viral
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RNAs (57); this observation overturned the argument that the antiviral RNAi defence in flies 
is a local, cell-autonomous process, as flies were thought to be unable to generate a systemic 
RNAi response due to the lack o f a RdRp. Further, Saleh et a l, 2009 found that the antiviral 
RNAi response in flies relies on the systemic spread o f a virus-specific immunity signal 
dsRNA produced and released from infected cells that can be taken up locally, as well as at 
distal sites, to establish a systemic pre-existing immunity in uninfected cells.
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Fig. 1.8 RNAi and the genes that control it in plants and animals (53).
Evolutionary relationships of insects, higher animals and plants, indicating the presence or absence of 
genes encoding RdRP and the RNA channel transporter SID-2. Thus far, SID genes have been found in 
all animal genomes except those of dipterans. In arthropods, RdRP is restricted to the basal tick lineage, 
consistent with observations of systemic RNAi in these animals (as found in nematodes).
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1.4 HELICOVERPA ARMIGERA AND ITS MANAGEMENT
Helicoverpa armigera, also known as Cotton Bollworm, Corn Earworm, Tobacco Budworm 
or Old World Bollworm, belongs to the Lepidoptera (order); it is a moth whose larvae feed 
on a wide array of plants including a range of plants cultivated by humans. They are the 
major pest in cotton and rank among the most polyphagous and cosmopolitan of pests. The 
life cycle of Helicoverpa is shown in Fig. 1.9; the period is dependent on the conditions e.g. 
temperature, normally it may be completed in 25 to 60 days. Eggs hatch in 3 to 5 days. Larval 
and pupal periods last 17 to 35 and 17 to 20 days, respectively.
Helicoverpa is arguably Australia's most important insect pest, costing the economy $200- 
300M annually (National Helicoverpa workshop report, 2004), and an effective biocontrol 
management therefore is required. Among transgenic approaches to insect pest management, 
Bacillus thuringiensis (Bt) toxin has shown spectacular success, replacing chemical 
insecticides in a range of crops (53). The introduction of Bt cotton has had a major impact on 
pesticide application, however many important insect pests are not amenable to Bt protection. 
Further, Bt resistance from some strains of Helicoverpa is emerging with the wide, 
continuous growth of Bt cotton, so new techniques such as the development of biopesticides, 
introducing natural predators, and RNAi, have been investigated in plants for applications 
ranging from functional genomics to provision of valuable crop traits, such as resistance 
against viruses, bacteria and nematodes (58).
The complete genome of H. armigera is being analysed by a consortium led by CSIRO, the 
University of Melbourne and the Baylor College of Medicine, Human Genome Sequencing
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Centre. The genome data, currently partially assembled in contigs, is available through
registration at the project website http:www.helicoverpa.org.
Fifth to sixth instar caterpilar
Fig. 1.9 The life cycle of Helicoverpa armigera. ("Adapted from website: http://www.infonet- 
biovision.org/print/ct/76/pests).
1.5 DROSOPHILA MELANOGASTER AS A MODEL ORGANISM
1.5.1 THE LIFE CYCLE OF DROSOPHILA MELANOGASTER
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Drosophila melanogaster belongs to the order of flies, in the family Drosophilidae. This 
species is commonly known as the fruit fly. Since Thomas Hunt Morgan decided to use it to 
investigate the chromosomal theory of inheritance at the beginning of the last century (59), it 
has become one of the most commonly used model organisms in biology, including studies in 
genetics, physiology, microbial pathogenesis and life history evolution. They are easy to take 
care of; they breed quickly, and lay many eggs. The life cycle is shown in Fig. 1.10. After 
hatching, it goes to the embryonic stage, followed by 3 instar larval stages, then becomes 
pupa, which develops into the adult fly. The Drosophila genome is available on the web, and 
many transgenic flies are maintained in the Bloomington flybase (USA); in Australia, the 
flybase is called OzDros, and its fly stocks are located at Melbourne University 
(http://www.ozdros.com/).
fem ale male
2nd instar larva
■**.:
3rd instar larva
Fig. 1.10 The life cycle of Drosophila melanogaster. Adapted from http://\vww.hoxfulmonsters.com/wp- 
content/uDloads/2008/05/life cyclel.jpg
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1.5.2 GENERATION OF TRANSGENIC FRUITFLIES BY P-ELEMENT 
TRANSFORMATION
A P element is a class II transposon that is present in the fruit fly. It is used widely for 
mutagenesis and the creation of genetically modified flies for genetic research through using 
the enzyme transposase, which is capable of catalyzing the excision of a P element from the 
host DNA, cutting at two recognition sites. The P-element then reinserts into the genome 
randomly and may disrupt existing genes in the genome. A diagram showing how to make a 
transgenic fly through P-element transformation is shown in Fig. 1.11.
The structure of the P element was described by O'Hare & Rubin, 1983 (60). It is flanked by 
terminal repeats which are important for its mobility; the complete element is 2907 bp and is 
autonomous (60). However, a non-autonomous P element which lacks a functional 
transposase gene can be artificially created by mutation. The advantage of non-autonomous P 
elements is that they can still move within the genome if combined with an autonomous 
element to produce the necessary transposase. Based on this system, transgenic flies 
containing the genes of interest can be made. Flies from subsequent generations can then be 
screened by phenotype or PCR.
1.5.3 ACTIVATION OF THE GENE THROUGH THE GAL4-UAS SYSTEM
For activation of the transgenes, a Gal4-UAS system was developed (Fig. 1.12) (59). The 
transcriptional activator Gal4. originally from yeast, is used to regulate gene expression in 
Drosophila by combining with the upstream activating sequence (UAS) to which it binds. The 
UAS sequence is placed upstream of the gene of interest (gene X) to be activated (61).
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Meanwhile, the GAL4 gene is under the control of various nearby genomic enhancers, and a 
large collection of lines that express GAL4 in a variety of cell-type and tissue-specific 
patterns, such as engrail (en) or eyeless (ey), is available (62). Therefore, the expression of 
gene X  can be driven in any of these patterns by crossing the appropriate GAL4 enhancer line 
to flies that carry the t/TS-gene X transgene (59).
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Fig. 1.11 Generation of transgenic fruit flies by P-element transformation, which is adapted from 
http://hal9000.cisi.unito.it/wf/DI PARTIM EN/Genetica,_/Attivit--Dl/Genetica-Ml/Z)ras0/?/H7a.pdf.
Two plasmids carrying a defective P-element or a functional P-element, which carry a transposase and a 
gene of interest, respectively, are co-microinjected into the eggs; some germ-cells will have the gene of 
interest, some may not. For removing genetic variation, these flies are crossed with nontransformed 
white-eyed flies (w), followed by selecting those flies with red-eyes which carry donor DNA in all cells.
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Fig. 1.12 The GAL4-UAS system for directed gene expression (59).
1.6 EPIGENETICS
As we know, DNA contains all the RNA and protein coding information, which comprises 
the major components o f genetics, however, the phenotype o f a cell or individual is affected 
by which o f its genes are transcribed. Heritable transcription states can give rise to epigenetic 
effects, i.e. inherited changes in phenotype or gene expression caused by mechanisms other 
than changes in the underlying DNA sequence.
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1.6.1 MOLECULAR BASIS OF EPIGENETICS
The genome-wide analysis of chromatin is providing insight into its roles in development and 
their underlying mechanisms. Current studies indicate that chromatin is dynamic in 
development and in response to extracellular stimulations (63). At present, chromatin 
remodelling comprises the most important known mechanism of the epigenetic regulation of 
gene expression.
Chromatin is the complex of DNA and the histone proteins with which it associates. Histone 
proteins are little spheres that DNA wraps around. Changes in the way that DNA is wrapped 
around the histones can exert effects on the expression of the genes located in that DNA 
region. Chromatin remodelling comprises two most important mechanisms, i.e. DNA 
methylation and histone modification. ATP-dependent chromatin-remodelling enzymes are 
involved in the control of chromatin structure and assembly. An outline of epigenetic 
mechanisms is shown in Fig. 1.13.
The molecular basis of epigenetics is complex. It only affects gene activation but not changes 
in coding DNA sequences. In addition, the chromatin proteins, i.e. histones, may be activated 
or silenced. This largely accounts for the fact that the differentiated cells in a multi-cellular 
organism express only the genes that are necessary for their own activity. In addition, 
epigenetic inheritance systems may play a role in what has become known as cell memory 
(64).
Besides histone modifications and heterochromatin, other epigenetic processes include 
imprinting, gene silencing, X chromosome inactivation, and reprogramming.
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1.6.2 METHODS FOR EPIGENETIC STUDY
There is a wide range of molecular biology techniques that have been used to understand 
epigenetic phenomena; these include chromatin immunoprecipitation or its variants ChIP-on- 
chip and ChIP-seq, fluorescent in situ hybridization, and bisulfite sequencing. The recent use 
of bioinformatic methods for study of epigenetics, called computational epigenetics, has been 
emerging recently and gradually is playing an increasing role. There are three main 
mechanisms for chromatin remodelling:
1.6.2.1 DNA methylation
DNA methylation involves the addition of a methyl group either to the 5 position of the 
cytosine pyrimidine ring to convert cytosine to 5-methylcytosine or to the number 6 nitrogen 
of the adenine purine ring. In mammals methylation mainly occurs on the cytosine in a CpG 
context; in plants the cytosine can be methylated in the CpG, CpNpG, and CpNpN contexts, 
where N represents any nucleotide but guanine. It is estimated that between 60% and 90% of 
all CpGs are methylated in mammals. Each organism has its own methylation patterns in time 
and in specific tissues. Genomic methylation in Drosophila is restricted to the early stages of 
embryonic development (65).
DNA methylation stably alters the gene expression pattern in cells, and this modification can 
be inherited through cell division. Some areas of the genome are methylated more heavily
than others and highly methylated areas tend to be less transcriptionally active. Methylation 
of cytosines can also persist from the germ line of one of the parents into the zygote, marking 
the chromosome as being inherited from this parent, i.e. genetic imprinting.
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DNA methylation is essential for normal development and is associated with a number of key 
processes including genomic imprinting, X-chromosome inactivation, suppression of 
repetitive elements, and carcinogenesis. Also, DNA methylation plays a role in immune- 
defence; it can suppress the expression of viral genes and other deleterious elements that have 
been incorporated into the genome of the host over time.
1.6.2.2 Histone modification
Histone modification is a kind of post-translational modification of the amino acids that make 
up histone proteins. The modification of the amino acids in histone proteins will also change 
the folding of the histone protein. These histones may act as templates, initiating the 
surrounding new histones to be shaped in the new manner. Altering the shape of the 
neighbouring histones alters the accessibility of the DNAs associated with it, and 
consequently changes the active or inactive status of the genes within.
1.6.2 3 ATP-dependent chromatin-remodelling enzymes
In addition to DNA methylation and histone modification, ATP-dependent chromatin­
remodelling enzymes, which control chromatin structure and assembly, are major 
contributors to the dynamic nature of chromatin, and play instructive and programmatic roles 
during development (63).
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Fig. 1.13 DNA associates with histone proteins to form chromatin. Sources: 
httD://nihroadmap.nih.gov/EPIGENOMlCS/images/epigeneticmechanisms.ir>g. Histones are 
proteins around which DNA can wind. The genes around the histone are inaccessible therefore 
is inactive. The epigenetic factor can bind to the histone “tails”, and alter the extent to which 
DNA is wrapped around, and make the gene available to transcription factors, etc, the gene thus 
is activated.
1.6.3 ASSAYS TO DETECT DNA METHYLATION
Currently, there are several techniques used in scientific research for detection o f DNA
methylation, such as: Methylation-Specific PCR (MSP), HELP assay, ChIP-on-chip assays,
and Methylated DNA immunoprecipitation.
1.6.3.1 Methylation-specific PCR (MSP)
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MSP also is called bisulfite sequencing; this method is based on the chemical reaction of 
sodium bisulfite with DNA that converts unmethylated cytosines of CpG dinucleotides to 
uracil or UpG. In comparison, methylated cytosines will not be converted in this process. 
When followed by traditional PCR with primers designed to amplify the CpG site of interest, 
it allows one to determine the methylation status as methylated or unmethylated through 
sequence comparison to the original DNA sequences (Fig. 1.14).
1.6.3.2 HELP assay
The HELP assay (Hpall tiny fragment Enrichment by Ligation-mediated PCR) (66) is based 
on the differential ability of restriction enzymes to recognize and cleave methylated and 
unmethylated CpG DNA sites. The technique relies upon the properties of two 
isoschizomers: HpaW and Msp\, which recognize the same sequence (CCGG) but have 
different methylation sensitivity; HpaW only cuts unmethylated sites, while Msp\ cuts sites 
regardless of the methylation status.
1.6.3.3 CHIP-ON-CHIP assays.
ChIP-on-chip assays use antibodies to bind to DNA-methylation-associated proteins.
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1.6.3.4 Methylated DNA immunoprecipitation (MEDIP)
MeDIP, an analogue to chromatin immunoprecipitation, is used to isolate methylated DNA 
fragments for input into DNA detection methods such as DNA microarrays (MeDIP-chip) or 
DNA sequencing (MeDIP-seq).
Allele 1 (methylated) Allele 2 (unmethylated)
m
------ACTCCACGG----- TCCATCGCT-------
------TGAGGTGCC------AGGTAGCGA-------m
----- ACTCCACGG TCCATCGCT 
----- TGAGGTGCC AGGTAGCGA 
Bisulfite treament 
Alkylation
Spontaneous denaturation
------AUTUUAUGG---TUUATCGUT------  ------AUTIJUAtIGG- -  -TUUATUGUT------
------TGAGGTGUU------ AGGTAGCGA------ ----- TGAGGTGUU------ AGGTAGCGA------
PCR + Cloning
I
Sequencing
Fig. 1.14 Diagram of Bisulfite sequencing for detection of individual methylated Cytosine(s). Adapted 
from website:
http://upload.wikimedia.Org/wikipedia/en/c/c9AViki_Bisulfite_sequencing_Figure_l_small.png .
Methylated Cytosine (in red) in allele 1 will not be converted to “C”, in contrast, unmethylated Cytosine 
in allele 2 will be converted to “C” after bisulfite treatment. Followed by PCR and cloning, the DNA 
fragment will be sequenced and can be determined which individual Cytosine was methylated.
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1.7 AIMS AND OBJECTIVES
The two different small RNA pathways for gene regulation, i.e. siRNAs and miRNAs, 
constitute the two fundamental types of epigenetics gene regulation by small RNAs. Much 
work on genome regulation by small non-coding RNA has been carried out in the two model 
systems C. elegans and Drosophila. Systemic RNAi in C. elegans has greatly facilitated 
studies on gene functions. In Drosophila, the lack of systemic RNA silencing has led to the 
use of transgenic approaches that allow targeted gene silencing by tissue, cell or stage- 
specific expression of transgenes encoding RNA hairpins. As D. melanogaster, along with all 
insects and the vertebrates, lacks a canonical RdRp gene; we therefore postulate that the lack 
of the RdRp is one factor responsible for the absence of systemic RNAi in Drosophila. To 
answer this question, two canonical RdRps rrf-1 and ego-1 from C. elegans will be 
introduced into Drosophila to test if the ectopic expression of RdRp genes can affect its 
normal development, and further to see if the introduction of RdRp gene can establish a 
systemic RNAi in it.
On the other hand. The Lepidopteran insect, H. armigera. also known as cotton bollworm, is 
a major pest of agriculture worldwide, and ranks among the most polyphagous and 
cosmopolitan pests. It has a variety of host plants and the high ability to quickly develop 
resistance to many control agents. Its larval midgut is responsible for both digestion and 
defence against key environmental issues. The midgut is also the primary target of biological 
control agents, such as Bt, which is widely used in transgenic crops for pest control. We are 
here undertaking a functional genomics study of this insect's midgut (miRNAs dataset) in 
order to gain understandings of the molecular basis of digestion, detoxification and 
resistance, which, in turn, will provide us better management and effective control of this 
pest.
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Aim 1: Expression o f C. elegans RNA-dependent RNA polymerase in transgenic D. 
melanogaster.
To express C. elegans RdRp rrf-1 and ego-1 in Drosophila, the two genes will be PCR- 
amplified and Gateway® cloned into Drosophila destination vectors pUAST and pUASP, 
respectively, for generation of transgenic lines using the GAL-UAS system. One lines 
containing the individual transgenes have been generated, these genes can be activated by 
crossing with general or tissue specific lines expressing the Gal4 driver.
Aim 2: Combine RdRp genes rrf-1 and ego-1 with Drosophila RNAi pathway.
To test if the RdRp genes can enhance RNAi in Drosophila, transgenic lines expressing rrf-1 
or ego-1 will be combined with the lines expressing hairpin construct pblRNAi4B(3 I) (67) or 
eGFP.dsRNA.R (54) for silencing of either the endogenous gene pebble or the exogenous gene 
eGFP. In addition, primary as well as secondary siRNAs based on the gene fragments will be 
detected with Northern Hybridization and RNase protection assay to see if there is any 
change in the presence of RdRp genes.
Aim 3: Methylation analysis in transgenes’ promoter regions in the presence o f ego-1.
To test if ego-1 expression has resulted in chromatin modification in the transgenes' promoter 
region, a Southern Hybridization will be performed to see if the ectopic expression of ego-1 
has affected methylation status in that region; further, bisulfite sequencing will be followed to 
confirm the individual Cytosine methylation.
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Aim 4: Establishment o f miRNAs dataset in H. armigera.
To create a miRNAs dateset for H. armigera, three total RNA samples, i.e. neonate, gut, and 
pupae, will be prepared and deep sequenced. The resulting reads will then be stripped of the 
adaptor sequences and all unique small RNA sequences identified using Perl scripts. 
Conserved miRNAs will be identified based on sequence blast analysis with miRNAs in 
similar species retrieved from miRBase, and novel miRNAs will be identified with the 
miRDeep program (41). Small RNA Northern Hybridization will then be used to confirm the 
presence of miRNAs.
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CHAPTER TWO 
METHODS
MATERIALS AND
2.1 PLASMIDS, BACTERIA, FLY STRAINS AND PRIMERS
Details of all organisms, plasmids and primers used in this study are given in Tables 2.1-2.4
Table 2.1 Plasmids used in this study
Plasmid Relevant characteristics Source/Reference
pCR2.1-Topo-ri/-
1
8.7 kb KanR, AmpR (6 8 )
pEL75-ego-7
7.7 kb AmpK
(47)
pDENT-UASP ~12 kb AmpR, CamR, ccDB, attRl & 
attR2, 14 x Gal4 UAS, HS promoter, 
white gene (~3 kb)
Rob Saint/ANU
pDENT-UAST
~9 kb AmpR, CamR, ccDB, attRl & 
attR2, 5 x Gal4 UAS, HS promoter, 
white gene (~3 kb)
Rob Saint/ANU
pDONOR™-221 ~4.7 kb CamR, ccDB, attPl & attP2, 
Ml 3
Invitrogen
p ENTRY-77/-/ ~7.4 kb KanR, attLl & attL2, T7 
promoter, containing rrf-1 gene from C. 
elegans
This study
pENTRY-ego-7 ~7.4 kb KanR, attLl & attL2, T7 
promoter, containing ego-1 gene from C. 
elegans
This study
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p D E N T -U A S P -
rrf-1
- 1 4 .8  kb  A m p R, a t tB l  &  a ttB 2 , 14 x 
G a l4  U A S , H S  p ro m o te r, w h ite  g en e  ( -3  
kb ), c o n ta in in g  rrf-1  g en e  fro m  C. 
e leg a n s
T h is  s tu d y
p D E N T -U A S P -
ego -1
- 1 5  kb  A m p R, a t tB l &  a ttB 2 , 14 x  G al4  
U A S , H S  p ro m o te r, w h ite  g en e  ( - 3  kb ), 
c o n ta in in g  ego -1  g en e  fro m  C. e leg a n s T h is  s tudy
p D E N T -U A S T -
r r f - l
- 1 3 .8  kb  A m p R, a t tB l  &  a ttB 2 , 5 x  G al4  
U A S , H S p ro m o te r, w h ite  g en e  ( - 3  kb ), 
c o n ta in in g  rrf-1  g en e  fro m  C. e leg a n s T h is  s tu d y
p D E N T -U A S T -
ego -1
- 1 3 .9  kb  A m p R, a t tB l  &  a ttB 2 , 5 x  G al4  
U A S , H S  p ro m o te r, w h ite  g en e  ( - 3  kb ), 
c o n ta in in g  eg o -1  g en e  fro m  C. e leg a n s T h is  s tudy
Table 2.2 Bacterial strains used in this study
B ac te ria l s tra in s R e le v an t ch a ra c te r is tic s S o u rc e /R e fe re n c e
E sc h e r ic h ia  co li 
D H 5 a ™
F- cp80/<acZAM 15 
A (n /ü ,c Z Y A -a rg F )U 1 6 9  recA X
endA X  h sd R X 7 (rk , m k ) p h o A  
supE A A  th i- \  g y r A 9 6  r e lA \  X
In v itro g en
D H 1 0 B ™ F- m c r A  A (m r r -h s d R M S -m c r B C ) 
(p80 /acZ A M 15 A la c X IA  r e c A \  
endA X  a r a D 1 3 9  A (a r a , le u )1 6 9 1  
g a l i l  g a lK  X- rp s  L n u p G
In v itro g en
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/ p M O N  1 4 2 7 2 / p M O N 7 124
D B 3 .1 ™ g y rA 4 6 2  ( re s is tan t  to  c c d B ) In v itro g en
sc h e r ic h ia  c o li  
K l 2 E R 2 9 2 5 C h lR , D a m ' &  D e m ' N e w  E n g la n d /B io la b s
D H 5 a ™
( p C R 2 .1 -T  o p o -r r f-1)
D H 5 a ™
co n ta in in g  p C R 2 .1 -T o p o - r r / -7
C a ro l  B e h m /A N U
D H 5 a ™
(p E L 7 5 -e g ü -7 )
D H 5 a ™
co n ta in in g  p E L 7 5 -e g o -7
C aro l  B e h m /A N U
D H 1 0 B  ™  
( p D O N O R ™ - 2 2 1)
D H IO B ™
c o n ta in in g  p D O N O R ™ -2 2 1
T h is  s tu d y
D H IO B  ™  
( p E N T R Y - r r / - 7 )
D H IO B ™
c o n ta in in g  p E N T R Y -r / / - 7 T h is  s tu d y
D H I O B ™
(p E N T R Y - e g o - 7 )
D H IO B ™
co n ta in in g  p E N T R Y -e g o -7 T h is  s tudy
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D H 1 0 B ™
(p D E N T -U A S P - r r /- / )
D H IO B ™
c o n ta in in g  p D E N T -U A S P - r r / - / T h is  s tu d y
D H 1 0 B ™
(p D E N T -U A S P -e g o -7 )
D H IO B ™
c o n ta in in g  p D E N T -U A S P -e g o -7 T h is  s tu d y
D H 1 0 B  ™
(p D E N T -U A S T - ;r /-7 )
D H IO B ™
c o n ta in in g  p D E N T -U A S T -/r /-7 T h is  s tu d y
(p D E N T -U A S T  -eg o -1 ) c o n ta in in g  p D E N T -U A S T -e g o -7
T h is  s tu d y
Table 2.3 Fly strains used in this study
D ro so p h ila  m e la n o g a s te r R e le v a n t ch a ra c te r is tic s S o u rc e /R e fe re n c e
1118w w ild  ty p e  s tra in  m is s in g  th e  
w h ite  g en e
O zd ro s  ( w w w .o z d ro s .c o m )
w ;d a -G a l4 ;  +
c o n ta in in g  g e n e ra l d r iv e r  
d a -G a l4  (II)
O zd ro s
w ;+ ;d a -G a l4
c o n ta in in g  g en e ra l d riv e r  
d a -G a l4  (III), w
O zd ro s
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w ;  + ;  T u b u lin -G a l4 /T m 3 sb
c o n t a i n i n g  g e n e r a l  d r i v e r  
T u b u lin -G a l4  a n d  b a l a n c e r  
T m 3 sb  c o n f e r r i n g  s h o r t  
b r i s t l e s  p h e n o t y p e
O z d r o s
w ;E n g ra il-G a l4 ;  +
c o n t a i n i n g  t i s s u e - s p e c i f i c  
d r i v e r  E n g ra il-G a l4 ,  w h i c h  
e x p r e s s e s  G a l4  in  th e  
p o s t e r i o r  c o m p a r t m e n t  o f  
t h e  w i n g  d i s c
O z d r o s
w ;E y le ss l-G a l4 ;  +
c o n t a i n i n g  t i s s u e - s p e c i f i c  
d r i v e r  E y le ss -G a l4 ,  w h i c h  
e x p r e s s e s  G a l4  s t r o n g ly  in  
t h e  d e v e l o p i n g  e y e  d i s c s
O z d r o s
w ;U A S T -
p b lR N A  i4 B (F 3 .1 );+
c o n t a i n i n g  p e b b le  g e n e  
h a i r - p in  d s R N A  c o n s t r u c t
R o b  S a i n t / A N U
w  *; U A ST -syt. eG F P ;  +
c o n t a i n i n g  sy n a p to ta g m in  
l i n k e d  e G F P  (11)
O z d r o s
w  *; + ;  U A ST -syt. e G F P
c o n t a i n i n g  sy n a p to ta g m in  
(syt) l i n k e d  e G F P  ( I I I )
B l o o m i n g t o n / I D  B L 6 9 2 6
y w  *; U A S -N a C h B a c -  
E G F P ; +
c o n t a i n i n g  B a c t e r i a  so d iu m -  
c h a n n e l  g e n e  l i n k e d  e G F P
( I I )
B l o o m i n g t o n / I D  B L 9 4 6 6
w ; + ;  U A ST -sy t. e G F P
c o n t a i n i n g  B a c t e r i a  so d iu m -  
c h a n n e l  g e n e  l i n k e d  e G F P
(H I)
O z d r o s
w ; +; U A S T -G F P .d sR N A . R
c o n t a i n i n g  e G F P  h a i r - p in  
d s R N A  c o n s t r u c t  ( I I I )
O z d r o s
w ; U A ST -G F P . d sR N A . R; +
c o n t a i n i n g  e G F P  h a i r - p in  
d s R N A  c o n s t r u c t  ( I I)
O z d r o s
w *; U A S T -R a b 4 -m R F P ; +
c o n t a i n i n g  R a b 4  l i n k e d  
R F P  g e n e  ( I I )
B l o o m i n g t o n / I D  B L 8 5 0 5
w ;d a -G a l4 ;  U A S T -eg o -1
c o n t a i n i n g  g e n e r a l  d r i v e r  
d a -G a l4  a n d  ego -1  g e n e
T h i s  s tu d y
w ;d a -G a l4 ;  U A S T -rrf-1
c o n t a i n i n g  g e n e r a l  d r i v e r  
d a -G a l4  a n d  rrf-1  g e n e
T h i s  s tu d y
w ;d a -G a l4 ;  U A S P -eg o -1 c o n t a i n i n g  g e n e r a l  d r i v e r  
d a -G a l4  a n d  rrf-1  g e n e
T h i s  s tu d y
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( U A S P )
w ;E n -G a l/C y O ; U A S T -rrf-1
c o n t a i n i n g  E n -G a l4  d r i v e r  
a n d  rrf-1  g e n e
T h i s  s tu d y
w ;E n -G a l/C y O ; U A S T -eg o -  
1
c o n t a i n i n g  E n -G a l4  d r i v e r  
a n d  ego -1  g e n e  ( U A S T )
T h i s  s tu d y
w; E n -G a l/C y O ; U A S P -rrf-1
c o n t a i n i n g  E n -G a l4  d r i v e r  
a n d  rrf-1  g e n e  ( U A S P )
T h i s  s tu d y
w ;U A S T -
G F P . d sR N A  R ;U A S T -  
s y t.e G F P
c o n t a i n i n g  e G F P  h a i r - p in  
d s R N A  c o n s t r u c t  ( I I )  a n d  
sy t .e G F P  ( I I I )
T h i s  s tu d y
w ; U A S T -sy t.eG F P ; U A ST -  
G F P .d sR N A .R
c o n t a i n i n g  e G F P  h a i r - p in  
d s R N A  c o n s t r u c t  ( I I I )  a n d  
sy t .e G F P  ( I I)
T h i s  s tu d y
w ; U A S T -N a C h B a c . eG F P ;  
U A S T -G F P .d sR N A .R
c o n t a i n i n g  e G F P  h a i r - p in  
d s R N A  c o n s t r u c t  ( I I I )  a n d  
N a C h B a c .e G F P  ( I I )
T h i s  s tu d y
w ; U A S T -G F P .d sR N A .R , 
U A S T -N a C h B a c .e G F P
c o n t a i n i n g  e G F P  h a i r - p in  
d s R N A  c o n s t r u c t  ( I I )  a n d  
N a C h B a c .e G F P  ( I I I )
T h i s  s tu d y
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Table 2.4 Specific primers used in this study
N am e
L en g th
(n t)
T m
(°C )
S e q u en c e  (5 '-3 ') S o u rce
F o r rrf-1  
a t tB l
20 66
G G G G  A C  A A G T T T G T  A C  A  A  A  A A  A G C  A 
G G C T A T -A C C A T G G C G G C C G C G G A C T A
T h is  s tu d y
R ev  rrf-1  
a ttB 2
20 54
G G G G A C C A C T T T G T A C A A G A A A G C T G G G T A - 
G A T T  A  A A  A T T C A C C A T T C A T A A
T h is  s tu d y
F or ego-1  
a t tB l
18 56
G G G G A C A A G T T T G T A C A A A A A A G C A  
G G C T A T -C A A C  A A T G G G G G A C G A A G
T h is  s tu d y
R ev ego -1  
a ttB 2
19 54
G G G G A C C A C T T T G T A C A A G A A A G C T G G G T A -
G A T C C C T A G A T G T T G A T G T
T h is  s tu d y
G al4  F or 20 56 T A G A A A G A C T G G A A C A G C T A T h is  s tu d y
G al4  R ev 20 56 A T A C A A C A T C A T T A G C G T C G T h is  s tu d y
A c tin  5c 
F or
19 54 T C G A C A A C G G C T C T G G C A T T h is  s tudy
A c tin  5c 
R ev
19 54 T C A C A C T T C A T G A T G G A G T T T h is  s tu d y
N o r F or 20 58 A G T C T T A G A G C C A G A T A T G T h is  s tu d y
N o r R ev 20 54 T T T A C T G C A G A T T G T T T A G C T h is  stu d y
eG F P  F or 17 56
T A A T A C G A C T C A C T A T A G G G A G G
A G T T C G A G G G C G A C A C C
T h is  s tu d y
N o r eG F P 18 56 T G T A C A G C T C G T C C A T G C T h is  s tudy
q R T -P C R  
ego-1  F o r
23 64 C A A G G C G G A A C A T T C A T T A A T C A T h is  stu d y
q R T -P C R  
ego -1  R ev
20 64 C C G A C T T C C G A C G T C T A A C G T h is  s tu d y
q R T -P C R  
ac tin  F or
16 56 C G A G G C C C C G C T G A A C T h is  s tu d y
q R T -P C R  
ac tin  R ev
22 54 T C G A A C A T G A T C T G G G T C A T C T T h is  s tudy
B isu lp h ite
F o r
27 58 G A  A  A T T  A T T T T T  A A  A G T T T T A T T T T T  A T h is  s tu d y
B isu lp h ite  
ego  R ev
25 58 A A C C T T A A T A T T A T A T T C A T T C A A T T h is  stu d y
B isu lp h ite  
sy t R ev
24 54
A A T T T A A A T A A T A T A T T T C T T C C A
T h is  s tudy
Note: The red sequences in the table are the gateway recombination sequence (attBl or attB2) or T7 RNA 
polymerase promoter adapted from Hybspeed™ RPA kit (Ambion) (eGFP For).
40
Table 2.5 PCR primers for probes used for Northern hybridization or RNase protection assay
Probe ID Prim er Sequences for probe p reparation
For N orthern  
H ybrid ization
For R N ase 
pro tection  
assay
P ebble F or:C G A T A T C G A A G G A T G T C C G V
Probe 1 R ev :G C A T G C T T G C A C A G T C C T
Pebble F or:T C G A T T G T A C C A C C A G T C C V
Probe 2 R ev :G A A T A T A T C G A A G A T G G C C A
F o n T A A T A C G A C T C A C T A T A G G G A G G T G C C C A G
Pebble
T A T C A G T C T G C
V
Probe 3
R ev:G A A T A T A T C G A A G A T G G C C A
F o n T A A T A C G A C T C A C T A T A G G G A G G C T T T A A C A
P ebble
A A A C G C C C A A C
V
Probe 4
R ev :G C A T G C T T G C A C A G T C C T
F or:T A A T A C G A C T C A C T A T A G G G A G G A C T G T C T G
sy t  sense 
probe
A T C C A T A T G T G
V
R ev:A A T A C G A T C G T A G T C C A C C
For:T  A A T A C G A C T C A C T A T  A G G G A G G A A T A C G A
sy t anti- T C G T A G T C C A C C
Vsense
probe
Rev: A C T G T C T G A T C C A T A T G T G
F or:T A A T A C G A C T C A C T A T A G G G A G G C G G C G T T
N aC hB ac A G G A A A C A T C T T
sense V
probe
R ev :C T T C G G C A A A A A T T G G T C G C
N nC h Bar F or:T A A T A C G A C T C A C T A T A G G G A G G C T T C G G C V
anti-sense A A A A A T T G G T C G C
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probe
Rev: CGGCGTTAGGAAACATCTT
egfp sense 
probe
F or :T A AT ACG ACTC ACT AT AGGG AGG AGTT CG A 
GGGCGACACC
Rev:TCGATGTTGTGGCGGATC
V
egfp anti- 
sense 
probe
For:TAATACGACTCACTATAGGGAGGTCGATGTT
GTGGCGGATC
Rev: AGTTCGAGGGCGACACC
V
Note: The red sequences in the table are the T7 RNA polymerase promoter adapted from Hybspeed1'1
RPA kit (Ambion).
2.2 MEDIA
The methods for media preparation and Common solutions were based on Duan, 2005, MSc 
Thesis (69). All media were prepared with Milli-Q purified water and were sterilized by 
autoclaving at 15 p.s.i. (121°C) for 15 min. If supplements were required, the autoclaved 
liquid media were cooled to room temperature before supplements were added. Solid media 
were cooled to ~55°C before the addition of supplements and pouring.
2.2.1 BACTERIAL MEDIA
Liquid Luria Broth (LB)
(g/l):Tryptone, 10.0; NaCl, 5.0; Yeast Extract, 5.0. pH 7.5
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Solid Luria Agar
LB containing 15 g/1 Bacteriological agar
2.2.2 COMMON SOLUTIONS
TE Buffer (Tris EDTA buffer)
10 mM Tris-HCl/1 mM EDTA (10:1.0 TE) or 10 mM Tris-HCl/0.1 mM EDTA (10:1.0 TE).
10 x TBE Buffer
0.89 M Tris-HCl (pH 8.2); 0.01 M EDTA (Na Salt); 0.89 M Boric Acid.
Ethidium Bromide Staining Solution
1 mg/ml ethidium bromide
Gel Loading Dye
20% (w/v) Sucrose; 5 mM EDTA Na2 .H2 Ü; 1% (w/v) SDS; 0.2% (w/v) Bromophenol blue; 
0.2% (w/v) Xylene cyanol.
Phenol (Tris-equilibrated)
The equilibrated phenol was stored under 0.1 M Tris-HCl at 4°C (avoiding light).
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Southern Blotting Solutions
1. Dupurination Solution 
0.25 M HCl
2. Denaturing Solution 
0.5 MNaOH; 1.5 M NaCl
3. Neutralization Solution
1.5 M NaCl; 0.5 M Tris (pH 7.2)
20 x SSC (Standard Saline Citrate)
3 M NaCl; 0.2 M trisodium citrate, adjusted pH to 7.0
Solution for stripping DNA blots
0.2 MNaOH; 0.1% SDS
Buffers and gel for mRNA Northern blotting 
10 x MEN (1 L)
200 mM MOPS (41.86g); 50 mM Na0AC.3H20  (6.8g); 10 mM Na2EDTA (3.72g). pH 
7.0 with NaOH.
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Sample buffer:
ln 525 [i: 325 gl formamide; 100 gl formaldehyde; 25 jul 10mg/ml EtBr; 12.5 gl MQ water; 
62.5 gl 10 x MEN.
Loading buffer
In 1 ml: 600 gl 80% glycerol; 100 gl 10 x MEN; 300 gl MQ water; and pinch of 
bromophenol blue.
Gel running buffer
In 1 E: 100 ml 10 x MEN; 900 ml RNase free H20
Formaldehyde gel (1.2%)
For making 35 ml small gel: 0.42 g agarose; 3.5 ml 10 x MEN; 25.2 ml MQ water, dissolve 
the agarose in the solution and cool down to ~60oC, followed by addition of 6.3 ml 
Formaldehyde, and pour immediately, for larger gel, 105 ml solution is required.
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2.2.3 MEDIA SUPPLEMENTS
When required, the antibiotic concentration used for selection was: 100pg/ml ampicillin from 
a stock solution of 100 mg/ml, 30pg/ml chloramphenicol from a stock of 30 mg/ml, 15pig/m 1 
Kanamycin from a stock of 15 mg/ml, or 10 (ig/ml Tetracycline from 10 mg/ml stock.
For blue-white selection, LB was supplemented with 30 pg/ml isopropylthio-ß-D-galactoside 
(IPTG) and 60 pg/ml 3-indolyl-ß-D-galactoside (X-gal) (69).
2.3 GROWTH AND MAINTENANCE OF CULTURES
2.3.1 BACTERIAL CULTURES
E. coli strains containing RdRp genes or subcloned fragments were maintained on LB agar 
plates supplemented with appropriate antibiotics. Plates were sealed with parafilm and stored 
at 4 C with regular subculturing at 37 C. For long-term storage, glycerol stocks of selected E. 
coli cultures were prepared by pelleting cells from an overnight liquid culture and 
resuspended in 1 ml of 25-50% (v/v) glycerol and stored at -80 C (69).
For plasmid DNA preparation, about 5 ml of LB appropriately supplemented with antibiotics 
was inoculated with a loop after touching a single bacterial colony and incubated with 
shaking (~220 rpm) overnight at 37 C. For eukaryotic genes such as ego-1, the incubation 
temperature was lowered to 30 C for 2-3 days depending on how fast the colonies were
46
growing. A large scale preparation (500 ml) was performed when a large amount of plasmid 
DNA was required for procedures such as microinjection.
2.3.2 MICROINJECTION FOR CREATION OF TRANSGENIC FLIES
Details of methods used for microinjection of RdRp gene plasmids to create transgenic flies 
and the method for determination of the genotypes of transgenic flies are described in the 
published paper (70).
2.4 SINGLE FLY DNA PREPARATION AND PCR 
CHARACTERIZATION
Single fly DNA preparation for PCR characterization was performed according to the 
protocol on the website
http://www.bio.unc.edu/facultv/duronio/lab/prot/Single%20Flv%20PCR.pdf. For individual 
fly characterization, a single fly was collected into a 1.5 ml Eppendorf tube, followed by 
mashing for 5-10 seconds with a pipette tip containing 50 pi of squishing buffer (SB), i.e. 10 
mM Tris-Cl pH 8.2, 1 mM EDTA, 25 mM NaCl, and 200 pg/ml Proteinase K (without 
expelling any liquid as sufficient liquid escapes from the tip). The remaining SB was then 
expelled into the tube and incubated at 25-37 C (or RT) for 20-30 min; the solution was 
subsequently heated to 95 C for 1-2 min for inactivation of the Proteinase K. The solution 
was stored at 4 C for months; 1-5 pi of the DNA solution was used for subsequent PCR 
characterization with appropriate primers.
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2.5 FLUORESCENCE MICROSCOPY
The EGFP- or RFP-expressing larvae were collected from vials using 20% sucrose on which 
the larvae float, a pre-check (-100) with a UV fluorescence microscope (Leica MZ11 
fluorescence microscope) was performed to show that the fluorescence signal was consistent 
in flies with the same genotype, and about 12 larvae were randomly selected for photography 
using the program QCapture. For the EGFP gene, the EGFP2 filter was used at the excitation 
wavelength of 480 nm (excitation filter) and emission wavelength of 510 nm (barrier filter), 
while a TXR filter was used for the RFP gene images.
2.6 DNA PREPARATIONS
2.6.1 SMALL SCALE PLASMID DNA PREPARATION
Small amount of plasmid DNA were prepared with a commercial kit: the Wizard* Plus SV 
Miniprep DNA purification system (Promega). This protocol is for preparation of up to 15 pg 
of high-copy plasmid DNA using a purification column. Five ml of LB supplemented with 
Ampicillin or other appropriate antibiotics was inoculated with a single bacterial colony and 
shaken overnight at 37°C. The culture was pelleted by centrifugation for 1 minute in several 
1.5 ml eppendorf tubes. The pellets were used for plasmid extraction according to 
manufacturer’s instructions.
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2.6.2 FLY GENOMIC DNA EXTRACTION
The method for fly genomic DNA extraction was adapted from website 
http://www.vdrc.at/fileadmin/conferences/VDRC/protocols/GoodQualitvGenomicDNA.pdf. 
Clean flies (30 -150) were collected in an Eppendorf tube from culture vials, then frozen in 
liquid nitrogen for 3 minutes or -80 C for at least 30 minutes. The flies were homogenized in 
100 (l x I  ice-cold 0.1 M Tris pH 9.0, 0.1 M EDTA with a pestle, then 100 pi of 2% SDS/100 
pg/ml Proteinase K were added, and incubated at 50 C for 3 hours before spinning at 
13000rpm for 10 minutes; the supernatant was transferred to a new tube, followed by 
Phenol/Chloroform extraction twice with gentle mixing, not vortexing, then 0.4 vol 5M 
NH4 Acetate was added and mixed gently, followed by addition of 2 vol of 100% EtOH 
before centrifugation at 4 C for 5 minutes. The supernatant was discarded, and the pellet was 
washed with 70% EtOH, dried at room temperature for 30 minutes before being resuspended 
in H2 O or TE buffer. The DNA was quantified with a Nano-Drop* ND-1000 
Spectrophotometer (ThermoFisher Scientific) and diluted when necessary before storing at - 
80C.
2.7 DNA MANIPULATIONS
2.7.1 RESTRICTION ENZYME DIGESTION OF DNA
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The general restriction enzyme digestions were performed according to Duan, 2005, MSc 
Thesis (69). Plasmid DNA (500 ng) was digested with 0.5 pi of restriction enzyme at 37 °C in 
a volume of 15 pi for at least 1 h or overnight depending on how well the digestion worked.
~15 pg fly genomic DNA was digested in a total volume of 35 pi. The appropriate digestion 
buffers were used and restriction enzymes were added at 3U/pg DNA. Genomic DNA was 
digested with Hpall or Hhal at 37°C for about 4 hours or extended until overnight. A sample 
(usually 1-2 pi of the total reaction mix) was checked for complete digestion on a 1% mini­
gel. A low concentration of gel (0.75%) was used when the 1% gel did not separate the bands 
of digested genomic DNA, particularly those bands that were larger than 10.000 bp. When 
smears were achieved, indicating a complete digestion, the digestion solutions were run on a 
large gel for Southern blotting.
2.7.2 AGAROSE-GEL ELECTROPHORESIS
The agarose-gel electrophoresis method was based on Duan, 2005, MSc Thesis (69). Unless 
otherwise stated, DNA samples were fractionated through a 1.0% (w/v) agarose gel in 1 x 
TBE/TAE buffer. Gel loading dye (1/6 volume of total digestion mixture) was added to each 
sample of DNA before loading in the wells. Gels were run at 80-100 V at room temperature 
for 30-60 min for small gels (time was prolonged for larger gels, such as for Southern 
Blotting running at 4 °C) followed by staining in ethidium bromide solution (1 pi EB: 10 ml 
H2O) for 15-20 min. After a brief destaining in MQ water, the bands were visualized under 
short wave UV light and photographed with an Alphaimager™ 2200 (Alpha Innotech). The 
sizes of the DNA fragments were estimated by comparing with a lkb plus ladder run 
alongside the DNA samples.
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2.8 DNA PURIFICATION
2.8.1 PCR PRODUCT PURIFICATION
PCR products were purified with the commercial kit Wizard* SV Gel and PCR Clean-up 
system (Promega); this kit is designed for fragments ranging from 100 bp to 10 kb. PCR 
products were purified from primers, nucleotides, polymerases, and salts using Wizard*  ^ SV 
spin columns in a microcentrifuge, according to the manufacturer's instructions.
This kit was also used for gel purification for a specific band of interest. The DNA was run 
on a 1% agarose gel in 1 x TAE buffer at 4°C for 1-2 h at 90-100 V. followed by EB staining 
and a brief destaining in water. The gel was viewed under long wave UV light and a very 
small portion of the gel containing the DNA of interest was excised with a scalpel and placed 
into pre-weighed 1.5 ml eppendorf tubes. The DNA was then extracted from the melted 
agarose according to the manual's instructions.
2.8.2 GENOMIC DNA PURIFICATION
Genomic DNA was purified with phenol/chloroform extraction and ethanol precipitation 
according to Duan. 2005, MSc Thesis (69). An equal volume of phenol and CHCf were 
added to the sample of genomic DNA (-250 pi), mixed well, followed by 10 min 
centrifugation; the aqueous (top) phase was transferred to a clean tube and an equal volume 
of CHCI3 was added The components were mixed thoroughly before centrifugation for 3 min.
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The aqueous phase was removed, followed by addition of 1/10 volume of 3 M Na acetate and 
incubated at 4 °C for 5 min. Subsequently 2.5 volumes of 95% ethanol or 0.6 volumes of 
isopropanol were added prior to 15 min centrifugation at 13000 rpm at 4°C (for ethanol 
precipitation, at least 30 min incubation at 4°C was required). The precipitated DNA was 
washed with 1 ml of 70% cold ethanol to remove excess salt before drying for 30 min at 
room temperature. Finally, DNA was resuspended in sterile water or diluted TE buffer 
(10/0.1) overnight before storage at 4°C.
2.9 CONCENTRATING GENOMIC DNA
When necessary, such as for loading of DNA onto a gel for a Southern Blot, fly genomic 
DNA was concentrated on the Speed Vacuum Concentrator before loading. When the volume 
of DNA solution was more than 500 pi. reprecipitation and resuspension were required 
through the ethanol or isoproponal precipitation method as described in Section 2.8.2.
2.10 MOLECULAR CLONING
PCR cloning of the RdRp gene into the pGEM®-T Easy Vector System I (Promega) was 
performed according to the manufacturer's instruction; Gateway® (Invitrogen) cloning of the 
RdRp genes into pUAST/pUASP destination vectors were described as in Duan et al, 2010 
(70).
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2.11 TRANSFORMATION OF COMPETENT E. COLI CELLS BY 
ELECTROPORATION AND HEAT SHOCK
Plasmids were transfected into E. coli DB3.1™ competent cells by the method of (71) using a 
Biorad Gene Pulser Transfection Apparatus set to 25 pF and 2.5 kV and Pulse Controller set 
to 200 Q. After electroporation, the cells were immediately resuspended in LB medium and 
incubated for 30 min at 37°C with vigorous shaking. The cells were then plated on selective 
(ampicillin or chloramphenicol) LB plates followed by overnight incubation at 37°C. For heat 
shock transformation of DHlOß™, or DH5a1M chemically competent cells, 5 pi of ligation 
mixture or 1 pi of plasmid miniprep was added to 50 pi of chemically competent cells, 
followed by incubation on ice for 10-15 min before heat shock was performed at 42°C for 45 
seconds. The solution was then placed on ice for 5 min followed by addition of 0.45 ml LB 
and incubation at 37°C for 30 min; the solution was then gently centrifuged at 2000 rpm for 5 
min, the supernatant was removed leaving approximately 50-100 pi for cell resuspension. 
The cells were then spread onto a LB plate containing appropriate antibiotics, and incubated 
at 37°C overnight. 40 pi of 20 mg/ml X-gal and 4 pi of 1M IPTG were also used to allow for 
screening of the white recombinant transformants.
2.12 SOUTHERN BLOTTING AND HYBRIDIZATION
2.12.1 GEL PREPARATION
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The DNA samples for Southern blot were digested by the method described in Section 2.7.1. 
After complete digestion, each sample DNA was electrophoresed (Section 2.7.2) at 4°C with 
a voltage of 30 V for about 8 h. The gel was stained with ethidium bromide solution for 15 
min and photographed with a ruler adjacent to it to determine the size of the hybridising 
bands.
2.12.2 SOUTHERN BLOTTING
The method used for Southern blotting was based on that of (72). The gel was depurinated in 
250 mM HC1 for 10 min with constant agitation. After a brief rinse with Milli-Q water, the 
gel was denatured in denaturing solution (Section 2.2.2) for 2x 15 min, followed by direct 
transfer into neutralization solution (Section 2.2.2 Southern blot solutions) for at least 30 min. 
All procedures were performed with gentle constant agitation. The gel was finally washed 
with 2x SSC before blotting. Meanwhile, a nylon membrane and blotting wicks were 
prepared. The membrane was prepared with Amersham HybondIM-N+ membrane (GE 
Healthcare), and the long wicks were prepared from Whatman 3 MM chromatography paper.
Wicks were wetted in 20 x SSC and laid across a glass bridge on top of each other. Bubbles 
from between the glass plates and each of the wicks were removed. After a sheet of Gladwrap 
was laid over the wicks, a “window” approximately 1-2 mm smaller than the size of the gel to 
be blotted was created. A few ml of 20 x SSC was pipetted over the “window” of the top 
wick, then the gel was gently placed upside down on top of the wicks, after a flood with 20 x 
SSC, the nylon membrane was placed over the gel, followed by three small filter papers 
placed on the top of the nylon. All these procedures were devoid of bubbles. Finally, paper
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towels were laid over the filter paper plus a weight on top. This assembly was left to blot
overnight. The exact length of time required depended on the thickness of the gel.
2.12.3. PROBE PREPARATION
Probe DNA was derived from PCR products. PCR products were checked through 
electrophoresis, followed by purification with a commercial kit, Wizard* SV Gel and PCR 
Clean-up system (Promega), before quantification with a Nano-Drop* Spectrophotometer 
ND-1000 (ThermoFisher Scientific). The DNA (25-50 ng) was diluted into 25 pi TE buffer, 
which resulted in a final concentration of 1-2 ng/pl. The solution was then denatured at 95°C 
for 3 min before being placed on ice. Meanwhile a Ready-to-go bead (Amersham 
Biosciences) was resuspended in 20 pi with a tip. followed by the addition of the iced DNA, 
left 5-10 mins on the bench to resuspend, then 5 pi of P-CTP (PerkinElmer) was added, and 
incubated at 37°C for 30 mins before cleaning up on an lllustra1M probe Quant™ G50 Micro 
column (GE Healthcare) according to the manufacturer’s instructions.
2.13 TOTAL RNA EXTRACTION
Total RNA extraction was performed according to (73). Adult flies, pupae, or 1st instar 
larvae were collected and immediately frozen under liquid nitrogen
The tissue was ground into a fine power under LN2 with a pestle and mortar and 100-200 mg 
immediately transferred to a 1.5 ml microcentrifuge tube, followed by the addition of 1.0 ml
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Trizol® (Invitrogen) (DO NOT exceed 10% w/v of intended Trizol volume). All tubes were 
inverted by hand (DO NOT vortex); once they had thawed they were incubated at room 
temperature for 5 minutes. Then, 200 pi of chloroform was added, followed by vigorous 
shaking by hand for ~15 seconds until the solution appeared milky. The suspension was 
incubated at room temperature for another 5 minutes before centrifugation at 13000 rpm for 
15 minutes at 4°C. The upper aqueous phase was transferred to a new 1.5 ml microcentrifuge 
tube. The process was repeated by adding another 200 pi of chloroform to the Trizol 
suspension. For precipitation, 500 pi of ice-cold 100% isopropanol was added, mixed by 
inversion and incubated at -20 °C for a minimum of 30 minutes or overnight. The tube was 
centrifuged at 13000 rpm for 15 minutes at 4°C and the supernatant discarded. The pellet was 
washed twice with 75% filtered ethanol, dried for 10 minutes at room temperature and 
resuspended in 100 pi of RNase-free water or diethylpyrocarbonate (DEPC)-treated water. 
The solution was heated to 50-60°C for 10 minutes if the pellet was hard to dissolve.
Total RNAs of Helicoverpa armigera in three stages, i.e. neonate, gut from fifth stage larvae 
and pupae, were prepared with the same method except that guts, after dissection from larvae, 
were not ground into powder, rather after frozen and thawed, they were mashed in Trizol 
with the pestle directly.
2.14 mRNA NORTHERN BLOTTING AND HYBRIDIZATION
This Northern Hybridization method was modified from Alwine et al, 1977 (74). Basically, 
this method was the same as that of Southern Hybridization (Section 2.12) except modified as 
follow: 5 pi of 2 pg/ pi RNA was mixed with 20 pi of sample buffer, incubated at 65°C for 5
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min before putting onto ice for 5 min; 3 pi of loading buffer was then added, and mixed well, 
followed by loading onto the 1.2% formaldehyde gel. The gel was run at 90 V for ~2h, and 
photographed as above to show that the RNA loadings were consistent. The gel was then 
washed with 5 x 5  min df^O, and 10-20 min 10 x SSC before being blotted onto Amersham 
Hybond1M-N+ membrane (GE Healthcare) in 10 x SSC overnight as described in the set up 
for Southern Blotting. On the following day, the filter was briefly rinsed in 5 x SSC to 
remove agarose, and placed RNA side up on 3MM paper and cross-linked with a UV cross­
linker (1200 J). The membrane was hybridized with the eGFP DNA probe labeled with 
Ready-to-go DNA labelling Beads (-dCTP) (GE Healthcare), and finally exposed and 
developed using a Phosphorlmager as described above.
2.15. DETECTION OF SMALL RNAs WITH NORTHERN BLOT AND 
HYBRIDIZATION
The method for sRNAs Northern Blot and Hybridization was adapted from (75, 76).
2.15.1 MEMBRANE PREPARATION
About ~20 pg total RNA from each sample was run on a 15% polyacrylamide gel, made by 
pouring 20pl gel solution containing 7.2 g of urea, 1.5 ml of lOx TBE, 5.7 ml of 40% 
acrylamide (ACRYL/BIS™ 1 9 : 1 )  (AMRESCO® Astral Scientific), 120pl of 10% APS 
(Ammonium Persulfate) (Sigmaw), and 16pl of TEMED, into a Bio-Rad mini Protean II gel 
apparatus. The same volume of loading dye II (Ambion) was added to each sample, and this 
was denatured for 2 min at 95°C, followed by brief chilling on ice for 1 min before loading.
57
The gel was run at 100V in lx TBE until the dark blue dye reached the bottom of the plate 
(~2 hours). When finished, the gel was electroblotted onto Amersham HybondIM-N+ 
membrane (GE Healthcare) in 0.5x TBE at 60V for 1 hour, followed by UV crosslinking at 
1200J with a UVP CL-1000 UV crosslinker. The membrane was stored dry between sheets of 
3MM paper before pre-hybridization.
2.15.2 PROBE HYBRIDIZATION
The membrane was pre-hybridized with hybridization solution (125 mM Na2 HPC>4 , pH 7.2; 
250mM NaCh; 7% SDS; and 50% formamide) for 2-3 hours at 42°C before adding 
fragmented labelled probes; the hybridization was left overnight before exposure.
2.15.3 PROBE PREPARATION
Probes for membrane hybridization were prepared using T7 RNA polymerase (Promega). 
made as follows. Into 20 pi of total reaction solution was added 4 pi of 5-fold Transcription 
buffer, 2 pi of 0.1 M DTT, 1 pi of RNAsin (Promega), 4 pi of ATP/GTP/CTP (2.5 mM 
each), 0.24 pi of 1 mM UTP, 4 pi of DNA (~0.2 pg) template containing T7 RNA 
polymerase promoter, 4 pi of fresh P - UTP (PerkinElmer), and 1 pi of T7 RNA polymerase. 
The reaction was incubated at 37°C for 1 hour followed by addition of 1 pi RNase-free 
DNase plus 2 pi of DNase buffer (Promega), and left at 37°C for another 10 min. The probe
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was purified using a GE Healthcare Radiolabeled Probe Purification Kit G-50 (GE 
Healthcare) after adding 27 pi of GE elution buffer.
For siRNA detection, probes were fragmented to ~50 nt with 200 mM carbonate solution: 80 
mM NaHCCL 120 mM Na2 CC>3 750 pi of this solution was added per 50 pi of probe solution 
and incubated at 60°C for as long as it took to reduce the probe to an average size of ~50 nt. 
The formula to calculate the time is as follows:
T= (Li -  Lf)/(KxLixLf)
Where:
T- Time in minutes
Li- Initial length of the probe in kb
Lf- Final length of probe in kb (i.e. 0.05 if it is to be 50 nt)
K- Rate constant = 0.11 kb/min
After the incubation was completed, 50 pi of 3 M NaOAc (pH 5) was added to stop the 
reaction and then this complete reaction mix was added to the hybridization solution (before 
adding the probe, the volume of the pre-hybridization solution was reduced down to 
approximately 20 ml by pouring), followed by hybridization overnight at 42°C
2.15.4 SIGNAL DEVELOPMENT
After overnight hybridization, the membrane was first rinsed and then washed twice for 30 
minutes in 2xSSC/0.2%SDS at 42°C. For exposure, the membrane was sealed in a plastic bag
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and exposed in a phosphor screen for 5 days. The signal was detected with a FLA-5000 
Phosphorlmager (Fujifilm); an extended exposure time was required for weak signals. For 
subsequent re-probing, the membrane was washed with boiling 0.1% SDS until it cooled to 
room temperature, then exposed to check that the hybridized probe had been washed off 
thoroughly before re-probing with other probes.
2.16 RNase PROTECTION ASSAY
The RNase protection assay was performed according to the instructions in the mirVana[M 
miRNA detection kit (Ambion). The hybridization reaction solutions were run on a 45ml 
15% acrylamide gel as described in Section 2.15.1. The gel was wrapped with plastic 
clingwrap and exposed to X-ray film in a cassette at -80°C for 3-5 days (depending on the 
strength of the signals) before development on an AGFA CP 1000 X-ray film processor.
2.17 qRT-PCR QUANTIFICATION OF GENE EXPRESSION
For quantification of RdRp gene expression levels, qRT-PCR was performed with iTaq1M 
SYBRxGreen Supermix with ROX (BIO-RAD) according to the manufacturer's instructions. 
After Drosophila total RNA preparation (Section 2.13), cDNA was prepared using 
Superscript III first-strand synthesis supermix (Invitrogen) as described in (70). qRT-PCR 
primers were designed using the Primer Express program (Applied Biosystems) for 
application of a fragment ~60 nt long. Genomic DNA containing the ego-1 gene was diluted
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to 10-100000 fold for standard curve. Each cDNA sample was diluted to 10-100 fold for a 
real run; cDNA without RT and no template DNA were included as negative controls, and 
act in as positive control. Each reaction was performed in 4 replicates. For the premix 
preparation, the ratio was 5 pi supermix to 0.2 pi forward primer and to 0.2 pi reverse primer. 
The distribution of the supermix sample was performed with a robot Genesis workstation 200 
(TECAN).
For the final reaction, 5 pi of premix and 5 pi of each cDNA sample were mixed together 
before running in the qRT-PCR machine (7900 HT Fast Real-Time PCR system (Applied 
Biosystems)). A normalized value for relative ego-1 expression in each line of transgenic 
flies was obtained by calculating the mean from the 4 replicates minus the mean values of no 
RT controls, then dividing by the actin mean value. For standard deviation normalization, the 
quantity standard deviation was divided by actin mean value.
2.18 BISULPHITE PCR AND SEQUENCING
The method for Bisulphite PCR was based on Wang et al, 2001 (73). Initially each DNA 
sample (2-5 pg) was treated with Bisulphite using MethylEasy™ Xceed (Human Genetic 
Signature) according to the manufacturer's instruction. The converted DNA was stored at - 
20 C for immediate use or less than 3 months; for longer period storage, a -80 C storage was 
required. For subsequent PCR, a hot-start PCR was performed using Ampli Taq Gold* 360 
DNA polymerase (Applied Biosystems). The first round PCR condition was as follow:
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94°C 12 min
94°C 1 min
50°C 2:30 min
72°C 1:30 min
>
repeated 10 cycles
Followed by:
94°C 1 min
50°C 1:30 min > repeated 40 cycles
72°C 1:30 min j
72°C 10 min
After the PCR products were checked on the gel, 2 pi of the first round PCR product was 
used for the second round PCR (nested PCR) with primers Bisulphite For and Bisulphite ego 
Rev or syt Rev (Table 2.4) at the condition of 51°C for 40 cycles. The PCR product was 
checked and purified from the gel, followed by cloning into the pGEM-T easy vector
. T  .(Section 2.10) and transformed into DH10B (Invitrogen) as described above (Section 2.11). 
Plasmids were prepared from each individual colony and sequenced with M13 primer 
through Micromon (Monash University). The sequencing results were initially analyzed with 
VectorNTl alignment, followed by further methylation analysis through CYMATE (GMI).
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2.19 mRNA IN VITRO PREPARATION
The capped and poly-A added mRNAs of the RdRp genes for Zebrafish direct injection were 
prepared in vitro by using the kit mMESSAGE mMACHINE®T7 Ultra (Am'bion) according 
to the manual's instructions. The mRNA was checked on the gel and concentrated to 500 
ng/pl before sending to CS1RO (Hobart) for direct injection.
2.20 STRAINS OF HELICOVERPA ARMIGERA
The strain of Helicoverpa armigera (neonate, fifth stage larvae, and pupae) for RNA 
preparation was the General Rearing strain (GR strain), which is grown and maintained at 
CS1RO Ecosystem Sciences.
This strain, which is Bacillus Thuringiensis (BT) susceptible, is a combination of lab strains 
and field strains. It was created in 1993 from “AN02” (Pyrethroid resistant, Endosulfan 
susceptible), “SUS” (strain susceptible to conventional insecticides), “Q8” and P.4 
(Endosulfan resistant). All lab strains were originally from New South Wales Department of 
Agriculture, Narrabri. Australia. Since 1994, the GR strain has had three more out-crosses to 
field material in both Canberra and Narrabri, and is grown and maintained at CSIRO 
Ecosystem Sciences, Australia. The growth conditions for H. armigera were as follows: 
25°C and 45% RH with a 14:10 (L:D) h cycle. Adult Helicoverpa were kept in mesh cloth 
cages and were fed with a solution of 20 g honey, 20 g sugar, and 6 g ascorbic acid/litre.
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Neonate and larval rearing was conducted in a separate facility. Neonate larvae were fed with 
artificial diet (85 g soy flour, 60 g wheat germ. 50 g yeast, 3 g ascorbic acid. 3 g nipagin, 1 g 
sorbic acid, 12 g agar, 875 ml water). Seven days later, the larvae were transferred to fresh
artificial diet in Nu-Trend J2 cavity trays and reared to pupation. At the pupa stage, they were 
transferred to the cloth cages. Detailed rearing method and condition can be found in Akhurst 
et al, 2003 (77).
2.21 RNA PURIFICATION
2.21.1 RNA PURIFICATION THROUGH PHENOL/CHLOROFORM 
EXTRACTION
The method for RNA purification was the same as DNA purification (Section 2.8) except that 
the RNA was resuspended in DEPC-treated MQ water rather than MQ water or TE buffer.
2.21.2 RNA PURIFICATION TO REMOVE POLYSACCHARIDES
The total RNA was resuspended in 250 pi of DEPC-treated MQ water, followed by addition 
of 3.5 pi of 3M NaOAc and 125 pi of 99% EtOH. The solution was mixed well and 
centrifuged at 4°C for 10 min at 13000rpm. The supernatant was then transferred to another 
clean tube, followed by addition of 21.5 pi of 3M NaOAc and 375 pi of 99% EtOH. This 
solution was gently mixed and allowed to precipitate for at least 30 min or overnight before
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spinning down at 4°C at 13000rpm for 30 min. The pellet was washed, dried and resuspended 
as above.
2.22 RNA QUANTIFICATION AND ILLUMINA SEQUENCING
After purification, RNA was quantified with a Nano-Drop Spectrophotometer ND-1000 
(ThermoFisher Scientific) and quality checked with the Agilent 2100 Bioanalyser (Agilent 
Technologies) before being sent for Deep sequencing (Illumina sequencing at Geneworks, 
Adelaide, Australia); ~100ng total RNA was run for each sample. The RNA was denatured at 
70°C for 1 min, followed by chilling on ice before running.
2.23 BIOINFORMATICS IDENTIFICATION AND PREDICATION OF 
miRNAs IN HELICOVERPA ARMIGERA
2.23.1 ILLUMINA SEQUENCING RAW DATA TREATMENT AND 
DATABASE ESTABLISHMENT
The Illumina deep sequencing raw data from Geneworks was processed with Perl script 
(provided by Andrew Springgs, Plant Industry, CSIRO) to (i) remove the adaptor sequences, 
and all resulting sRNA sequences were then imported into a Microsoft Access data base for 
analysis. The sRNAs between 19nt-24nt were extracted for further analysis; (ii) identify 
unique sequences and their frequency of occurrence in each sample.
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2.23.2 IDENTIFICATION OF CONSERVED miRNAs
To indentify conserved miRNAs, we used the database containing all sRNAs between 19nt- 
24nt. For blast analysis, we downloaded published indentified miRNAs in insects including 
Drosophila, Bombyx, honeybee, aphid, from the mirBase website http://www.mirbase.org/. 
These miRNAs were used as query sequences to blast against the sRNAs database. In the 
case of more than one sequence matching the known miRNA, the fully matched sequence 
was selected and named as a conserved Helicoverpa miRNA.
2.23.3 COMPUTATIONAL PREDICATION OF NOVEL miRNAs USING 
THE miRDeep PROGRAM
For miRNA prediction, we used genome assembly version HaCApe 18 of H. armigera, 
available upon registration at http://helicoverpa.org. This assembly used only fragment and 
paired-end 454 data. It comprises 97,016 contigs with an N50 of 8819bp, and totalling 436 
Mbp in length. We used the miRDeep software package (41), a miRNA prediction program 
that was designed specifically for animal miRNA prediction based on the mechanism of 
biogenesis of the miRNAs.
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2.24 miRNAs VALIDATION THROUGH NORTHERN 
HYBRIDIZATION
To validate the predicted novel miRNAs, Northern blotting and hybridization was performed. 
The method was modified according to (11,41).
After total RNA purification, ~90pg of each gut total RNA sample was run side by side with 
a pupal RNA sample on a 15% denaturing Acrylamide gel; a Decade™ RNA marker 
(Ambion) was also run to differentiate the sRNA size. The gel was electroblotted onto 
Amersham HybondIM-N+ membrane (GE Healthcare) in 0.5x TBE at 60V for 1 hour, 
followed by UV cross-linking at 1200 J with a UVP CL-1000 UV cross-linker. The 
membrane was pre-hybridized with hybridization solution (125 mM Na2 HPC>4 , pH 7.2; 
250mM NaCf; 7% SDS; and 50% formamide) for 2-3 hours at 42°C before adding p ,2-y- 
ATP (PerkinElmer) radioactively end-labeled complementary DNA probes (Sigma). Probe 
labelling was performed according to the kit KinaseMax™ (Ambion). The membrane was 
hybridized overnight with constant rotation, followed by two washes for 30 minutes in 2 x 
SSC/0.2%SDS at 42CC. For signal detection, the membrane was sealed in a plastic bag and 
exposed in a phosphor screen for ~10 days and was detected with a FLA-5000 
Phosphorlmager (Fujifilm); an extended exposure time was required for weak signals.
To validate the predicted novel miRNAs, Northern blotting and hybridization was performed 
as described above (Section 2.15) except that the complementary DNA oligos' hybridization 
probes were radioactively end-labelled with p -y-ATP. Probe labelling was done as indicated 
in the kit for Decade™ RNA marker (Ambion).
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CHAPTER THREE______________EXPRESSION OF C
ELEGANS RNA-DEPENDENT RNA POLYMERASE IN 
DROSOPHILA MELANOGASTER
3.1 EXPRESSION OF C. ELEGANS RNA-DEPENDENT RNA 
POLYMERASE IN TRANSGENIC D. MELANOGASTER DOES NOT 
AFFECT MORPHOLOGICAL DEVELOPMENT
Drosophila melanogaster, along with all insects and the vertebrates, lacks an RdRp gene. We 
created transgenic strains of D. melanogaster in which either the rrf-1 or ego-1 RdRp gene 
from C. elegans was placed under the control of the yeast GAL4 upstream activation 
sequence. Activation of the gene was performed by crossing these lines to flies carrying the 
GAL4 transgene under the control of various Drosophila enhancers. RT-PCR successfully 
detected the mRNA of each RdRp gene. The resulting phenotypes indicated that introduction 
of either of the RdRp genes had no effect on D. melanogaster morphological development 
(70) (the paper was part of the PhD work which is present as an Appendix 10). However, the 
introduction of C. elegans RdRp genes into transgenic Drosophila provides a resource to 
examine whether these enzymes can modulate or enhance silencing in these insects. For 
example, these novel transgenic flies can be crossed with other lines to combine a silencing 
transgene (e.g. for silencing the pebble gene) (67) together with the RdRp gene(s). This will 
pave the way to test any role of the RdRp genes in the silencing pathway. It is also of interest 
to explore whether the RdRp transgenes can function in insect immunity, as the ability of 
RdRps to amplify RNA silencing gives them a natural role in host immunity, particularly 
against RNA virus infection.
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As in Arabidopsis plants, the RdRp RDR1 (Atlg 14790) has been found involved in antiviral 
silencing and loss of function mutants are more susceptible to virus infection (78). Further, 
C. elegans rrf-1 has been shown to contribute towards antiviral RNAi against vesicular 
stomatitis virus (VSV) (79). RNAi-based immunity to RNA viruses in Drosophila (80-82) 
predominantly involves Dicer-2 cleavage of the RNA virus dsRNA replication intermediates 
(83). The siRNAs thereby generated may also play a role in viral silencing, but this appears to 
be of less significance. Amplification of such silencing by the RdRp in transgenic flies could 
be studied to assess the function of these enzymes in RNAi mechanisms. Moreover, crossing 
Dicer-2 or Ago-2 mutants with RdRp transgenic flies would allow us to ask whether the 
presence of the RdRp can rescue RNAi in any of these mutants.
3.2 RRF-1 AND EGO-1 SILENCE DROSOPHILA TRANSGENES BY 
DIFFERING MECHANISMS
3.2.1 INTRODUCTION
Drosophila melanogaster, along with all insects and the vertebrates, lacks genes encoding 
members of the RdRp gene family, which are required for systemic gene silencing by RNA 
interference (RNAi) in fungi, plants and some animals (84-87). Two major forms of RNAi 
exist in the animal system in which RNAi has been most thoroughly studied, C. elegans. For 
post-transcriptional gene silencing (PTGS), RNAi is triggered by double-stranded RNA 
(dsRNA), which is processed into small interfering RNAs (siRNAs, -20-30 nucleotides long) 
that target a complementary mRNA. leading to its degradation (2). Transcriptional, dsRNA- 
independent, gene silencing is involved in epigenetic modification and heterochromatin
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regulation (88). C. elegans contains multiple RdRp family genes: of these, rrf-1 (68) is 
required for systemic dsRNA-dependent RNAi in somatic cells, resulting in the unprimed 
production of secondary siRNAs (26, 27). These enhance silencing of genes targeted by 
complementary primary siRNA molecules derived from the dsRNA through dicer activity. 
The other RdRp associated with gene silencing, ego-1, is required for germline 
transcriptional gene silencing and heterochromatin assembly (89).
Drosophila possesses the core gene silencing machinery (90-92). Dicer-2 and Ago-2 are able 
to generate siRNAs from dsRNA to silence genes, to repress transposon transcripts or 
endogenous mRNAs (18, 93). The introduction of transgenes producing hairpin dsRNAs 
allows cell-specific silencing of Drosophila genes (54). Moreover, a dsRNA-uptake system 
(55, 56) has recently been shown to allow systemic silencing of viral RNAs in Drosophila 
(57), and it was recently revealed that a subunit of the RNA polymerase 11 has non-canonical 
RdRp activity (45). Despite these findings, Drosophila is incapable of systemic RNAi. We 
therefore asked whether RNAi in Drosophila could be enhanced as observed for systemic 
RNAi in C. elegans by the introduction of C. elegans RdRp genes.
We have previously shown that GAL4-mediated expression of transgenic C. elegans RdRps 
in Drosophila does not affect morphological development (70). Expression of these C. 
elegans genes, therefore, did not noticeably interfere with the expression of essential 
developmental genes through, for example, effects on the abundance of various types of 
small ncRNAs (e.g. miRNAs), or the silencing of genes triggered by endogenous small 
ncRNAs. Despite this finding, it remained an open question as to whether these C. elegans 
RdRps were active in Drosophila at all. We therefore asked whether these RdRps were
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capable of enhancing RNAi of a specific, known target gene, triggered by a dsRNA 
corresponding to that gene.
3.2.2 RdRp DOES NOT ENHANCE THE SILENCING OF THE 
ENDOGENOUS GENE, PEBBLE, IN DROSOPHILA
It is known that expression of a dsRNA from a transgenic construct leads to silencing 
mediated by siRNAs derived solely from dicer-2 activity (92, 94). In many cases, such 
silencing is only partial, providing an assay for enhancement of silencing by the introduction 
of the C. elegans RdRp genes into transgenic flies. In order to test this, we selected pebble 
(pbl) (95) as the candidate endogenous gene as it is required for cytokinesis, so that 
knockdown produces multinucleate cells, a cell-autonomous phenotype that is easy to 
observe. Silencing of pbl specifically in the posterior compartment of the wing disc by 
combining an en-Gal4 construct with pblRNAi4B(3 11 (67), a UAS construct that expresses pbl 
hairpin dsRNA, resulted in disruption of the development of the posterior compartment of the 
wing. As shown in Fig. 3.1 A, when the RdRp rrf-1 was co-expressed with the hairpin pbl 
dsRNA, no change in the wing phenotype was observed. Curiously, co-expression of ego-1 at 
the high levels enabled by the UAST vector resulted in a decrease in silencing since all 
progeny with this genotype had a wild-type phenotype and no silencing was seen (Fig. 3.1 A 
and legend).
The silencing observed normally for the pebble gene, i.e. in the presence of only the dsRNA 
transgene, is quite pronounced, and the resulting morphologies are variable, ranging up to 
strongly deformed wings ((67), unpublished observations). This means it may not be possible 
to rely solely on observation of morphological changes upon silencing an endogenous gene to
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assess enhancement of RNAi. Indeed, while rrf-1 had no observable impact on silencing of 
pebble, expression of the other RdRp, ego-1, did, but it actually reduced silencing. We 
therefore tested whether the expression of the RdRps affected the production of siRNAs in 
these RNAi flies. Although RdRp can enhance silencing by producing extra 2° siRNAs 
upstream of the dsRNA targeting sequence in C. elegans (26, 27), neither Northern 
hybridization, nor RNase protection assays detected production of 2° siRNAs in these flies, 
while expression of the 1° siRNAs was not affected by the expression of rrf-1 or of the 
UASP-ego-/ transgene (Fig. 3.1 B & C). Since the pebble gene is only expressed in a specific 
tissue for a limited time, it is possible that the level of any 2° siRNAs produced may be too 
low for detection.
Fig. 3.1 A
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Fig. 3.1 Silencing of the endogenous gene, pebble, in Drosophila and detection of the primary as well as 
secondary siRNAs.
A: Expression of canonical C. elegans RdRps does not noticeably enhance RNAi-mediated silencing of the 
Drosophila endogenous gene, pebble.
73
For activation of the dsRNA expression only on the posterior compartment of the Drosophila wing disc, 
flies harbouring the pebble gene dsRNA construct pblRNAi.4,i<x,> were crossed with the tissue-specific 
driver en-Gal4 in the presence (B, C, and D) or absence (A) of one of the RdRps, rrf-l or ego-1. UASP 
allows for germ and somatic cell expression at a lower level w hile UAST drives higher levels of expression 
in somatic cells only. Compared with the control (A), noticeable changes in pebble gene silencing in either 
B or C were not observed; however, expression of higher levels of ego-1 from the UAST vector gave a 
wild-type (unsilenced) phenotype (D) through comparison with WT (E).
B: Northern hybridization did not detect any production of secondary siRNAs.
Probe 1, designed based on the pebble targeted sequence (Appendix 2 Fig 2.2), successfully detected 1° 
siRNAs, while probe 2, designed based on the sequence upstream of the targeted sequence, did not detect 
any 2 siRNA production regardless of the presence of either of the RdRp genes. We used the RNA 
samples from UASP-egtf-/ rather than UAST-ego-7 as the general driver da-gal4 activated UAST-egtf-7 
automatically silencedpblRNAi4B<x,) and gave a WT phenotype, i.e. could not suspend the development at 
pupal stage as occurred in UAST-r//-/ and UASP-ego-7.
C: Observable secondary siRNAs were not detected by RNase protection assays.
Total RNA samples were prepared from pupae using Trizol (Invitrogen) (as described in Section 2.13) as 
adult flies were unavailable because the da-Gal4-activated general silencing of pebble killed all progeny at 
the pupal stage. Lane 1: RNA marker, lane 2: positive control with mouse kidney RNA; lanes 3 & 4 are 
controls for probe 3 with yeast RNA or no RNA; lane 5 is control for probe 4 with RNase digestion. Lanes 
6, 7, & 8 are the protection results for detection of 2° siRNAs upstream of the targeted pebble sequence 
with probe 3; da-Gal4 activated rrf-l (lane 7) or ego-1 (lane 8) (in UASP vector) did not generate 
detectable 2° siRNAs in pebble RNAi pupae. Lane 9 shows successful detection of the primary (1°) siRNAs 
with probe 4, while no such detection was observed in w 1"8 (lane 10).
3.2.3 RRF-1 ENHANCES dsRNA-TRIGGERED SILENCING OF
EXOGENOUS TARGET GENES, WHEREAS SILENCING OF
EXOGENOUS GENES BY EGO-1 UNDER THE CONTROL OF UAST IS 
dsRNA-INDEPENDENT
To further investigate the impact of the C. elegans RdRps on RNAi in Drosophila we tested 
silencing of an exogenous gene, EGFP, placed under the control of an ubiquitin/gal4 
construct to ensure expression throughout all tissues and stages. The EGFP hairpin dsRNA 
required to generate primary siRNAs as a consequence of dicer-2/Ago-2 action targets almost 
the complete EGFP sequence, leaving only ~28 nt untargeted at the amino-terminal portion of 
the EGFP coding sequence (54). In order to provide additional sequences upstream on the
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same mRNA to allow testing for generation of secondary siRNAs as a consequence of RdRp 
action, the EGFP coding sequence was translationally fused 3' to the coding sequence of a 
Drosophila gene, synaptotagmin (hereafter syt) (,syt.EGFP) (96), or of a bacterial gene, 
NaChBac (NachBac.EGFP), encoding a Na-channel protein (97).
In contrast to the observation with the endogenous pebble gene, we observed that dsRNA- 
dependent silencing (Fig. 3.2 B. & I) of the EGFP gene was significantly enhanced in the 
presence of either of the RdRps (Fig. 3.2 C, J, E/F, & L). To investigate if the corresponding 
EGFP dsRNA was required for the silencing, we set up parallel crosses omitting only the 
dsRNA, while keeping all other genes and drivers (i.e. EGFP, RdRp, da-Gal4) unchanged. 
Surprisingly, ego-1 still totally silenced the EGFP gene (Fig. 3.2 G & M) while rrf-1 did not 
(Fig. 3.2 D & K), in the absence of the dsRNA. This observation was confirmed using a 
different Drosophila line in which syt.EGFP and the EGFP dsRNA are present on 
chromosomes II and III, respectively (Appendix 3 Fig. 3). We next asked whether another 
reporter gene, encoding the red fluorescence protein (RFP) (98), was also silenced by ego-1 
without the corresponding rfp dsRNA; this was indeed observed (Fig. 3.2 P), while no 
silencing was found by rrf-1 alone (Fig. 3.2 O). These results indicate that ego-1 is an 
independent silencer that can autonomously silence transgenes; on the other hand, rrf-1 is 
only capable of enhancing dsRNA-dependent silencing.
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Fig. 3.2 C. elegans RdRp rrf-1 enhances dsRNA-triggered silencing of exogenous target genes, whereas 
silencing of exogenous genes by ego-1 under the control of UAST is dsRNA-independent.
Crosses for obtaining the larvae illustrated above are shown in Appendix 4.3. Each cross was set up in at 
least for four replicates, and about 12 Is' instar larvae from each cross were randomly selected and
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checked for consistency of the fluorescence signal; three of these were randomly selected for photography. 
A, H & N are positive controls for fluorescence from NaChbac.EGFP, syt.EGFP, or Rab4-mRFP, 
respectively; B & I show a reduction of green fluorescence signals, indicating that the EGFP transgenes 
were partially silenced with the introduction of the corresponding EGFP dsRNA; C & J show a dramatic 
further reduction in the green fluorescence signal after combination with the RdRp gene, rrf-1, indicating 
a dramatic enhancement of silencing of the EGFP gene. Addition of the rrf-1 gene resulted in no silencing 
enhancement in the absence of the dsRNA trigger for either GFP (D & K or for the RFP line (O). In 
contrast, total silencing of fluorescent protein gene expression was observed in the presence of ego-1, 
irrespective of whether the EGFP dsRNA hairpin was present (E & L) or not (G & M); the RFP gene was 
also silenced totally in the absence of any dsRNA trigger (P). Expression of the EGFP-linked NaChBac 
gene resulted in suspended larval development at the 1st instar stage (K). F is the negative control from 
w1118 under a GFP fdter (using a Leica MZ11 fluorescence microscope); for the RFP gene a TXR fdter 
was used.
3.2.4 PARTIAL SILENCING OF NaChBac: EGFP FUSION GENE 
RELEASES SUSPENSION OF LARVAL DEVELOPMENT AT THE 1st 
INSTAR LARVAL STAGE.
The enhancement of foreign gene silencing with expression of the exogenous RdRp was also 
supported by the effect observed on NaChBac gene expression. Normally, general activation 
of this gene with da-Gal4 will suspend Drosophila development at the 1st larval instar, 
resulting in death at that stage. dsRNA-induced partial silencing of the NaChBac.EGFP gene, 
as shown by the reduction in EGFP fluorescence (Fig. 3.2 I), allowed larvae to develop up to 
the 2nd instar, (Fig. 3.3 A-l), at which point further development was suspended by the 
remaining leaky NaChBac activity. Flowever, when combined with either one of the RdRps,
1 i i o
total silencing (through comparison with fluorescence from w ) was achieved which, in 
turn, released the development suspension conferred by NaChBac and allowed the larvae to 
complete full development to adults (Fig. 3.3 B & C). While ego-1 allowed completion of 
development irrespective of the presence of dsRNA, rrf-1 had a similar effect only in the 
presence of the dsRNA transgene (Fig. 3.3 A-3). Furthermore, ego-1 can independently 
silence transgenes encoding not only proteins but also dsRNA hairpins, such as the pebble
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hairpin pblRNAi4B<3J>. Silencing of the pebble hairpin by en-gal4-activated ego-1 released 
pebble repression on the wing disc (Fig. 3.1 A and Appendix 4.2), and by da-gal4 activated 
ego-1 released pebble repression in all tissues, therefore rescuing full development (Fig. 3.3 
C i & ii; Appendix 4, Fig 4.5) to the adult stage.
Fig. 3.3
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Fig. 3.3 Partial silencing of the IWaChBac:eGFP fusion gene releases suspension of larval development at 
the 1st instar larval stage.
A Top row, fluorescence images; bottom row, bright light images of the same larvae. Partial silencing of 
the EGFP-linked NaChBac gene by introduction of the EGFP dsRNA hairpin gene (1) allows larval 
development beyond the 1st instar stage, whereas development is suspended in larvae expressing EGFP- 
linked NaChBac (2) . Introduction of rrf-1 in the absence of the dsRNA hairpin had no effect on larval 
development (3). However, the partial silencing achieved by introduction of the EGFP dsRNA is 
insufficient for full development to adult stage. The green fluorescence signal is decreased (1) compared 
with no such silencing in 2 & 3.
B. Schematic model proposed for the genetic interactions observed for EGFP silencing.
(i) The general driver da-Gal4 activates the NaChBac.EGFP fusion gene, resulting in the suspension of 
Drosophila development at the 1st instar stage, (ii) Activation by the general driver da-Gal4 of the EGFP 
dsRNA hairpin gene, as well as of the NaChBac.EGFP fusion gene, results in partial silencing of the latter 
and a reduction of the NaChBac.EGFP protein product, partially releasing the developmental arrest, and 
allowing some larvae to develop further, to the 2nd instar stage, (iii) When rrf-1 was introduced, EGFP 
dsRNA-dependent silencing of the NaChBac.EGFP was dramatically enhanced, allowing larvae to go 
through full development towards the adult fly stage. In contrast, ego-1 directly and completely silences 
the NaChBac.EGFP transgene, independent of the corresponding dsRNA, allowing full development of 
Drosophila to occur.
C. Schematic model proposed for the genetic interactions observed for pebble silencing
(i): The general driver da-Gal4 activates the pblRNAi41111 ^ dsRNA construct, whose expression silences the 
pebble gene, resulting in development being suspended at the pupal stage, (ii): General activation of 
pblRNAi41*1411 as well as ego-1 (in HAST), resulted in pblRNAi4l{<ll> expression being repressed by ego-1, 
which in turn released pebble silencing imposed by pblRNAi4,i(XI> and subsequently led to full 
development.
3.2.5 DETECTION OF THE PRIMARY AND SECONDARY siRNAs
In order to confirm activity of the RdRp genes, we tested for the production of 2° siRNAs resulting 
from the action of RdRp (26. 27, 68). Production of 2° siRNAs is dependent upon presence of 1° 
siRNAs, as detected in all flies expressing the EGFP dsRNA hairpin (Fig. 3.4 B, D). Both sense and 
anti-sense 2° siRNAs were detected in flies expressing syt-EGFP and the EGFP dsRNA hairpin (Fig. 
3.4 C & A, blue boxes, respectively) in the absence of either rrf-1 or ego-1, presumably due to the 
endogenous non-canonical D-elpl RdRp (45), whose role in siRNA production has not been 
characterised previously. Expression of rrf-1 enhanced anti-sense 2° siRNA levels in flies expressing
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rrf-1 (Fig. 3.4 A, red box), in contrast to observations with the sense 2° siRNAs (Fig. 3.4 C), 
confirming that rrf-1 enhances RNAi in Drosophila by the transitive pathway. In contrast, 1° siRNAs 
were reduced and 2° siRNAs abolished in the flies with ego-1 and the EGFP dsRNA (Fig. 3.4, yellow 
boxes). The abolition of even the 1° EGFP siRNAs in the presence of ego-1 (Fig. 3.4 B yellow box), 
suggested that ego-1 simultaneously silenced the egfp hairpin dsRNA transgene as well as the actual 
EGFP-transcript (since no dsRNA was required for silencing of this transgene). Silencing of a 
dsRNA-producing transgene would explain the original observation (Fig. 3.1, above) that ego-1 
reduced silencing of the endogenous pebble gene.
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Fig. 3.4 Northern blot and hybridization for detection of the primary and secondary siRNAs in flies with 
the transgene egfp RNAi.
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The method for Northern blot and hybridization was described in Materials and Methods Section 2.15. 
The RNA marker was prepared according to instructions from Decade1 M Marker System (Ambion). A: 
Detection of the syf anti-sense 2° siRNAs with syt sense probe, compared with control (EGFP.dsRNA + 
syt.EGFP) without either rrf-1 or ego-1, in which the 2° siRNAs (blue) were produced by endogenous non- 
canonical RdRp activity (13), the 2° siRNA production in the presence of rrf-1 (Red) was dramatically 
increased, while siRNA production in the presence of ego-1 was dramatically reduced and difficult to see 
with the naked eye (yellow), indicating an enhanced transitive RNAi pathway in the presence of rrf-1 but 
not ego-1. The detection of syt sense 2° siRNAs in panel “C” is consistent with the results shown in panel 
“A”. In comparison, in panel “B”, EGFP anti-sense 1° siRNAs without RdRp (blue) and with rrf-1 (red) 
were detected at a similar signal strength, but production of these siRNAs was dramatically decreased 
(yellow) when ego-1 was present, indicating an independent, direct silencing of the EGFP dsRNA hairpin 
transgene by ego-1, which is consistent with the EGFP sense 1° siRNAs detection in panel “D”. In 
addition, independent silencing by ego-1 was achieved not through producing 1° or 2° sense or anti-sense 
siRNAs (green boxes in all panels).
3.2.6 SOUTHERN HYBRIDIZATION AND BISULFITE SEQUENCING 
DETECTED CHROMATIN MODIFICATIONS INDUCED BY EGO-1 IN 
THE PROMOTER REGIONS OF THE TRANSGENES
Probes for the promoter region and eGFP coding region were prepared as described in 
Section 2.12.3 with primers Nor For and Nor Rev based on the plasmid UAST-ego-7; primers 
EGFP For and Nor EGFP were designed based on the plasmid pET-eGFP.3C. The restriction 
sites of Hpall and Hhal on the eGFP coding region and transgenes (eGFP and ego-1) are 
shown, respectively, below in Fig. 3.5.
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Fig. 3.5 Diagrams of restriction sites of Hpall and Hhal in the eGFP coding region and its adjacent 
sequences. Red fragments denote the eGFP fragment detected by the probes, the green fragments denote 
the adjacent plasmid sequence (upstream) or the fly genome sequence (downstream).
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Fig. 3.6 Diagrams of restriction sites of Hpall and Hhal in the promoter region of the transgenes and its 
adjacent sequences. Red fragments denote the promoter fragment detected by the probes, the green 
fragments denote the adjacent plasmid sequence (upstream) or the transgene (syt-eGFP or ego-1) 
sequences (downstream).
The sizes of fragments detected in the eGFP coding region were consistent with the expected 
sizes indicated in the diagrams above except that the small fragments less than lOObp were 
not detected. However, in the promoter region of the transgenes, the HapII and Hhal cutting 
pattern between the samples with or without ego-1 was obviously altered, particularly for 
Hhal digestion. In the HapII digestions, the band at 1.9 kb disappeared while a band at —1.6 
kb was present. This could be attributed to the additional integration of the ego-1 plasmid; a 
possible explanation is that due to the integration of the ego-1 gene, one of the HapII cutting 
sites giving the 1.9 kb fragment was methylated, therefore uncut by HapII. This change in 
methylation status was further supported by results of the restriction digestion of Hhal
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between the samples with and without ego-1, i.e. the absence of the 1.2 kb fragment (one cut 
site was methylated) which was replaced with a smaller 550 bp fragment, which
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No ego + ego
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Fig. 3.7 Comparison of the methylation status in eGFP coding region and the transgenes' promoter 
region.
DNA samples in lane 1: w; da-GaI4/+; UAST-syt.eGFP/+ cut with HapII; lane 2: w; da-Ga!4/+; UAST- 
syt.eGFP/+ cut with HhaF, lane 3: w; da-Gal4/+; UAST-syt.eGFP/T-ego-1 cut with HapII; lane 4: w; da- 
Gal4/+; UAST-syt.eGFP/T-ego-1 cut with Hhal. Methylation status in eGFP coding region was not 
affected by the introduction of ego-1 gene (Left), in contract; methylation status in transgenes’ promoter 
regions was modified by the expression of ego-1 (right).
was most likely due to the creation of a novel Hhal restriction site resulting from 
demethylation.
To resolve this question, a bisulfite DNA sequencing (Section 2.18) was performed; 
individual cytosines in the promoter regions of the transgenes were analysed (Fig. 3.8). The 
promoters from transgenes syt.eGFP in the absence of ego-1 (S4), in the presence of ego-1
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(SI2 and S20), or ego-1 only (S29, S33, and S34) were compared using vectorNT! and 
CYMATE (99). In the sample S29, a fragment between -151 -375 bp was found to be 
heavily methylated in all three patterns CGN, CHG, and CHH; sequence analysis showed that 
it was comprised of 5 x Gal4 UAS and the first half of the HS promoter (Appendix 8). The 
presence of this phenomenon indicated that expression of ego-1 itself was not universal, and 
was regulated by turning on and off in certain specific types of cells. More interestingly, a 
fragment between -151—260 bp in sample S20 was deleted. It appears likely that ego-1 
regulated the expression of other transgenes by promoting deletion of the crucial fragment. 
Further sequence analysis confirmed that this deleted fragment contained 5 x Gal4 UAS, 
which is critical in the GAL4-UAS system for successful transgene expression.
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Fig. 3.8 Bisulfite sequencing analysis of the promoter regions of the transgenes in the presence or absence 
of ego-1.
Sample S4: syt.eGFP only without ego-1, S12, S20: Syt.eGFP with ego-1, S29, S33, S34: ego-/only. “N” 
stands for any nucleotide and “H” is either A, C, or T.
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3.2.7 SUMMARY AND CONCLUSIONS
Canonical RdRps play a central role in triggering and enhancing small RNA-dependent gene 
silencing. Two major forms of RNA-based gene silencing exist in the model animal system 
C. elegans, both of which require RdRp. The RdRp rrf-1 is essential for systemic RNAi that 
causes PTGS. Germline transcriptional gene silencing and heterochromatin assembly, on the 
other hand, requires another RdRp, ego-1, and is dsRNA-independent. Drosophila 
melanogaster, like all insects, possesses the core gene silencing machinery but lacks 
canonical RdRps. Here we have shown that the two C. elegans RdRps introduced into 
Drosophila are functional, and that their expression results in differential gene silencing 
activities in Drosophila consistent with their roles in dsRNA-dependent PTGS in C. elegans 
(100). Expression of rrf-1 was found to enhance transitive, dsRNA-dependent RNAi of target 
genes, and this enzyme is capable of enhancing somatic gene RNAi in Drosophila as it does 
in the other classical animal model system.
More importantly, and unexpectedly, expression of ego-1 resulted in robust silencing, 
specifically of transgenes, that was independent of dsRNA. It appears to be transcriptional 
and is restricted to transgenes. This silencing is concluded to be transcriptional, as no mRNA 
was detected (Appendix 5), no siRNA was produced by ego-1 silencing, and the silencing 
was irreversible (Appendix 4.4). However, this silencing of exogenous genes needs ego-1 
itself to be expressed (Appendix Fig.5). This targeted silencing of transgenes, but not 
endogenous genes, is consistent with the absence of morphological or other obvious 
phenotypic changes evident in Drosophila expressing this gene (70).
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In C. elegans, ego-1 is expressed in the germline, generating 22G-RNAs that trigger a 
pathway promoting chromosome segregation (101). It is required for meiotic silencing of 
unpaired DNA, targeting unsynapsed chromosome regions that result e.g. from 
rearrangements (89). Although Drosophila transgenes are unpaired, ego-1 dependent 
silencing was still visible in the absence of meiosis, e.g. in the direct progeny of the w; da- 
Gal4;T-ego-l x w;+;UAS-syt.eGFP crosses. Mitotic pairing of homologous chromosomes 
has long been known to occur, unusually, in Drosophila (102); ego-1 may therefore trigger 
silencing of these unpaired transgenes by a mechanism similar to that used in meiotic 
silencing of unpaired DNA in C. elegans. Indeed, the ego-1 pathway is associated with 
mitotic chromosomes in the C. elegans embryo (101). This unexpected finding with ego-1 
suggests a novel gene silencing phenomenon in Drosophila. We therefore propose that ego-1 
triggers a transcriptional silencing pathway of unpaired transgene DNA during embryonic 
mitosis. Our results establish new systems for the use and study of RNAi in Drosophila, as 
well as for the study of processes relevant to germline and embryonic gene silencing, that will 
benefit our understanding of RNAi in both Drosophila and C. elegans.
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HELICOVERPA ARMIGERA
CHAPTER FOUR_________ MICRORNAs IN
4.1 INTRODUCTION
Since the first discovery of lin-4 in C. elegans (8) nearly two decades ago, microRNAs 
(miRNAs) have subsequently been discovered in fungi, insects, plants, and mammals. 
miRNAs are a large family of small, approximately 21-nucleotide-long, non-coding RNAs 
with a variety of functions. Besides their roles in the growth and development of animals, 
miRNAs also have emerged as key post-transcriptional gene regulators in gene expression in 
metazoans and plants (7, 103). With the rapid development in next generation ‘Deep­
sequencing' technologies, moving from Sanger sequencing to Illumina/Solexa, and even 
more recently, the ABI SOLiD system, miRNA datasets have been established in many 
model organisms including plants, nematodes, insects, and mammals, and can be retrieved 
freely from miRBase. For H. Armigera, the recent assembly of genome contigs allows, with 
deep sequencing of sRNAs, establishment of a whole Helicoverpa miRNA dataset. This is of 
great significance for further study on the biology of these important insect pests.
4.2 GUT AND NEONATE TOTAL RNAs CHECKED WITH THE 
BIOANALYSER
Following preparation of total RNA from Helicoverpa, using the method for next generation 
deep sequencing as described in Section 2.13, the quality and quantity of the total RNAs were
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analyzed (Fig 4.1) using the Agilent 2100 Bioanalyser (Agilent Technologies) before sending 
the samples for Illumina sequencing.
6*
11 Sotc*  12
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A B
Fig. 4.1 H. armigera total RNA analysis. A: The bioanalyser detected one major single band (-8=42) in the 
Gut and Neonate RNA samples, which is equivalent to 18s and one small band (~S=26), which is the 
sRNAs. B: Corresponding eleetropherograms showed that there are relatively more sRNAs in the gut 
sample than that in neonate sample, indicating more abundant miRNAs are required in fifth stage larval 
development.
This Bioanalyser analysis results above indicated that the total RNA samples were o f good 
quality and were not degraded. It was also observed that gut sample from 5th instar had much 
more sRNA material than the neonate material, indicating that more miRNAs were 
potentially required for gut development.
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4.3 PROFILE OF ILLUMINA/SOLEXA SMALL RNA SEQUENCE 
READS
Three total RNA samples (neonate, gut, and pupae), were deep sequenced with the 
Illumina/Solexa method at Geneworks (Australia). After treatment of the raw data with Perl 
script to remove the adaptor sequences, the overall results of three small RNA sequence reads 
are shown in Table 4.1, in which the neonate had the most reads and had the highest sequence 
diversity. In comparison, the pupal sample had the lowest diversity. The sequence data were 
also processed and analyzed by Microsoft Access to obtain the total unique sequences. There 
were ~ 1.26 M unique sequences from 19-24 nts long, with abundances ranging from 260K to 
1. The percentage of unique to total reads was also calculated for normalization of the actual 
reads; the results showed that the gut sample had the highest percentage of unique sequences, 
although it had the lowest total number of reads among the three samples.
Table 4.1 Summary of total and unique Iliumina sequencing reads and the percentage of unique to total 
sequences
Sample Total Reads Total Unique Sequences Percentage of unique to total reads
Neonate 8758409 1814233 20.71%
Gut 2618139 709844 27.11%
Pupae 3475361 377540 10.86%
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For analyzing the size distribution of small RNAs, a chart of gut unique sRNAs was plotted 
according to their size (Fig. 4.2). To our surprise, H. armigera had two unique peaks at 20 
and 27nt, respectively, which is different from that from plant samples, in which a unique 
peak of 24nt is observed (refer to Fig. 5.2), indicating that animals have a different profile of 
miRNAs. However, this is based on gut sample only, RNA samples from neonate and pupae 
also have different profile in which two unique peaks were not observed from Fig 4.3.
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Fig 4.2 Size distribution of gut unique sRNAs. Two unique peaks at 20 and 27nt, respectively, were 
present.
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Fig 4.3 Size distribution of total sRNAs reads from Neonate, Gut and Pupae.
Size distribution in the three samples was also compared, and a variation in distribution was 
observed. The neonate sample had two peaks of 22nt and 27nt, respectively while two peaks 
from the gut sample were 25nt and 27nt. The pupal sample, however, had only one unique 
peak of 25nt (Fig 4.3).
Size distribution of unique RNAs
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Fig 4.4 Size distribution of unique sRNAs reads from Neonate, Gut and Pupae.
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However, when we examined the size distribution of the unique sRNAs (Fig 4.4), all the 
samples had a peak in ~26 nt although another peak in ~20 nt also was present in gut RNA 
sample. Considering the actual reads in the three samples were different and to circumvent 
this problem, the proportion of unique to total reads was calculated, and the graph was 
displayed as in Fig 4.5, which showed a consistency in the trends of size distribution.
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Fig 4.5 Size distribution of proportion of unique to total RNA reads from Neonate, Gut and Pupae.
4.4 IDENTIFICATION OF MICRORNAs FROM SMALL RNA 
SEQUENCE READS
4.4.1 SEQUENCE COMPARISON IDENTIFIED CONSERVED miRNAs
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Sequence comparison to known miRNAs identified 2593 RNA species, from 19-24 nts in 
length, in the Helicoverpa data set that matched 75 distinct miRNAs. Some sequences are 
very similar, and showed similarity with conserved miRNAs, for example 113 sequences 
showed similarity with mir-275; therefore, these most abundant sequences were selected and 
named as har-mir-275a. 275b, and 275c, respectively.
4.4.2 COMPUTATIONAL PREDICTION OF NOVEL miRNAs USING 
miRDeep
Megablast aligned 19-24nt sequence datasets (deep sequences Hamirs.fas) to larger H. 
armigera 97016 contigs with a median size of N50=8819 bp. and totalling 436 Mbp in 
length. This gave a file of possible precursor sequences for further analysis in the final stage 
of miRDeep (mirdeep.pl), which also involved specifying a fasta file of known mature 
miRNAs whose nuclei were to be considered in evaluating conservation. Different such 
databases were used -  eg all Bombyx or all insect (inch all Bombyx). The greatest number of 
hits was obtained using the complete miRBase database (version 13) plus the additional 
Bombyx miR.NAs; this gave 164 predicted miRNAs. Only 36 of these had previously been 
identified as known miRNAs, the one that is most abundant was selected for each miRNA as 
the mature form. And conversely, 40 of the previously identified, distinct miRNAs had not 
yet been predicted by miRDeep. Before we named all predicted novel miRNAs, a miRNA 
clustering with ClustalW2 alignment was performed (Appendix 7), which allowed us to 
identify miRNAs with very similar sequence, and name them as a, b, c and d, etc. If one of 
the clustered miRNAs was conserved in other species (already identified and named), then 
these miRNAs were named as Har-mir-xxx (“xxx” stands for the number that other species 
have already used), then all other members of that cluster were named as a, b. c, and d, etc.
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The final set of predicted miRNAs in Helicoverpa totals 204. A summary listing all the 
conserved (76) as well as novel miRNAs (128) is shown in Appendix 9 after sequence 
similarity comparison with other species, including Drosophila melanogaster, Bombyx mori, 
Pea Aphid, Ctenomorpha chronus, Anopheles gambiae, Apis mellifera.
4.5 IDENTIFICATION OF miRNAs THAT SPECIFICALLY HAVE 
HIGH LEVEL EXPRESSION IN THE MIDGUT
To identify miRNAs that are specifically highly expressed in the gut, the Illumina sequence 
reads from three samples were normalized, and the numbers of gut and pupal reads were 
multiplied by factors 3.35 and 2.5, respectively, to match the neonate reads. 15 miRNAs were 
found uniquely highly expressed in the gut (Table 4.2), indicating that they might be involved 
in gut development, however, we cannot rule out the possibility that these miRNAs were 
present in other tissue at the same lifestage. To confirm they are authentic miRNAs, 
experimental validation with qRT-PCR and Northern hybridization was carried out. We 
chose four gut-highly expressed miRNAs, har-mir-2048, har-miR-2055. har-miR-2104, har- 
miR-2110 for this analysis. Three were confirmed to be authentic miRNAs and uniquely 
expressed in the gut with Northern blot and hybridizations (Fig 4.7), the exception was har- 
mir-2048.
According to the mechanism of biogenesis of miRNAs, there are two base-pair mismatches 
between a miRNA and miRNA* after dicer cleavage. Ten precursor hair-pin structures (Fig. 
4.6) based on the ten miRDeep-predicted miRNAs were generated by RNA fold, and eight of 
them clearly showed two base-pair mismatches at the end except for Har-mir-2015 and Har-
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mir-2083, indicating that they are authentic miRNAs. We also found that there are a few 
mismatches between miRNAs and miRNAs*.
Table 4.2 miRNAs that have high Illumina reads uniquely in the gut.
Name Length Sequence Neonate Gut* Puna*
har-m iR -2015 19 C T G C A A A C T T T T A G T C G G C 9 123.95 0
har-miR-2025 21 GATGTTT GGG A ATCGT ATGGC 1 30.15 0
h a r-m iR -2 0 0 2 b 20 G G G G A T G T A G C T C A G T G G T A 108 854.25 15
har-miR-2030 20 GGGGGCGGCAGGAACACCTA 0 70.35 0
h ar-m iR -2 0 4 7 19 G T T T T C A T  A A A  A C G A C T G T 0 50.25 0
har-miR-2048 22 T A A ATTCGTG A A ATCGG ACGTT 3005 14217.4 1873
h a r-m iR -2 0 5 1 23 T A C G C A A G C G G T G T G G C C T G T C T 0 33.5 0
har-miR-2055 23 TATTCGAGACCTCTGCTGATCCT 77 2505.8 70
h ar-m iR -2 0 5 9 23 T C C C T G T A G A A A T C C G G G T A T G T 131 1343.35 90
har-mir-279d 231 TGAC1AGATCC AI ACTCGTCTGC 196 3912.8 667.5
h ar-m iR -2 0 6 9 22 T T T G G C A C T G T T A T A T G T C A T T 3 80.4 10
har-miR-2082 21 ATACTGTTGAACAATGACGGC 0 50.25 0
har-m iR -2083 23 A T A G A T T A A G T A G A A C T G G C G G A 0 33.5 0
har-miR-2104 22 CCAGATCTATCTTTCCAGCTCA 180 2706.8 102.5
har-miR-2110 21 TCAGGTACTAGGTGACTCTGA 303 5266.2 907.5
Note: stands for the values that have been normalized.
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Precursor hair-pin structures of highly gut-expressed miRNAs
H a r -m ir -2 0 5 1 H a r -m ir -2 0 8 2  H a r -m ir -2 0 6 9  H a r -m ir -2 1 0 4  H a r -m ir -2 0 4 8
H a r -m ir -2 0 3 0  H a r -m ir -2 0 4 7  H a r -m lr -2 0 8 3
Fig. 4.6 RNA fold identified precursor hair-pin structures of predicted miRNAs.
Har-mir-2104 Har-mir-2055 Har-mir-2110
Fig 4.7 Northern blot and hybridization detected miRNAs uniquely expressed in the gut. Three miRNAs, 
Har-mir-2104, Har-mir-2055, and Har-mir-2110, which showed high lllumina reads uniquely in the gut, 
were validated with Northern hybridization; in comparison with Pupae RNA samples, Gut RNA samples 
had strong signals when hybridized with p32-y-ATP radioactively end-labelled corresponding 
complementary DNA probes.
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4.6 SUMMARY AND CONCLUSIONS
Here we used Illumina/Solexa deep-sequencing technologies to obtain approximately 14 
million small RNA sequences from 2 neonate, 2 pupal and 1 gut total RNA samples, from 
which, ~2.4 million unique sequences were harvested. To identify miRNAs within the sRNA 
dataset, we ran the miRDeep package program, which was designed specifically for 
prediction of animal miRNAs. Together with conserved miRNAs identified in related 
species, we identified 204 miRNAs in total, among which 76 are conserved and 128 are 
novel. Through comparison with the sequence reads in 3 samples, we also identified 15 
miRNAs which are uniquely highly expressed in the gut sample. Four of these were checked 
with Northern blot and hybridization, and three of them were confirmed as having high level 
expression solely in the gut sample. However, experiments such miRNA over-expression or 
T-DNA insertion knock-down are required to confirm their functions in Helicoverpa gut 
development.
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CHAPTER FIVE 
AND CONCLUSION
GENERAL DISCUSSION
5.1 RdRp IN EVOLUTION AND THE RECENT DISCOVERY OF RDRP 
IN DROSOPHILA
Since the first report of RdRP activity in Chinese cabbage (104), several RdRPs have been 
found in a number of different types of plants, such as in tobacco , cucumber, and tomato 
(105-108), however it was not until 1998 that Schiebel et al first isolated the cDNA encoding 
RdRP from tomato (109). Subsequently, many similar sequences were found in other 
organisms, and surprisingly, eukaryotic homologs are widely present, such as QDE-1 in 
Neurospora crassa (1) and EGO-1 and RRF genes in C. elegcins (47). However, based on 
sequence similarity analysis, similar genes encoding RdRPs were not identified in Coelomate 
organisms such as Drosophila and mammals (110, 111).
To date, there are four RdRp members identified in C. elegans, six members in Arabidopsis 
(112) and at least three members in Nicotiana. tabaccum (78. 113, 114). According to the 
RdRp phylogenetic tree (Fig. 1.8) presented in Chapter one, the canonical RdRp is missing 
from all insects, as well as from vertebrates (53) and no evidence for any amplification of 
RNAi has been observed in these organisms. In this project, we asked whether the C. elegans 
RdRp genes could be introduced into Drosophila in order to study the effects on RNAi and 
possibly immunity. This system also allowed us to ask whether there were any effects on 
development, possibly due to interference with miRNA regulation of genes. However, the 
results showed that the expression of C. elegans RdRp in transgenic D. melanogaster does 
not affect morphological development (70).
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To demonstrate that the RdRp protein is produced in the transgenic flies, we carried out an 
assay for RdRp activity. However, we observed that both these transgenic flies and the 
control w1118 showed RdRp activities; this result was recently supported by (45), who 
reported that the Drosophila RNA polymerase II core elongator complex subunit, D-elp-1, a 
noncanonical RdRp, has RdRp activity. This overturned our RdRp evolutionary concept, and 
further efforts are needed to look at the differences between this noncanonical RdRp and 
those canonical RdRps identified in C. elegans and plants.
5.2 THE DIFFERENCES BETWEEN NONCANONICAL AND 
CANONICAL RdRp
Although a noncanonical RdRp, D-elp-1, was found in Drosophila, its functions still remain 
unknown; it is not clear if this RdRp has similar functions to rrf-1 or ego-1. and whether it is 
involved in RNAi pathways. To answer this question, we firstly tried to distinguish the 
exogenous C. elegans canonical RdRp from the endogenous non-canonical RdRp, using 
alpha-Amanitin (Sigma), a toxic substance from the mushroom Amanita phalloides that is a 
potent inhibitor of DNA-dependent RNA polymerase II (115). Noticeable inhibition of 
endogenous D-elp-1 RdRp activity was not detected. We further tested the exogenous RdRp 
by combining them with RNAi in Drosophila (silencing of pebble), however the RdRp did 
not enhance the RNAi silencing pathway. However, when we tested an exogenous gene, 
eGFP, the canonical RdRp showed different activity from the endogenous non-canonical 
RdRp by enhancing the foreign gene silencing {rrf-1) in a dsRNA-independent pathway.
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5.3 SECONDARY siRNAs PRODUCTION BY RdRp
In Drosophila and mammals, primary siRNAs derive primarily from long hair-pin dsRNAs 
processed by DICER nuclease, and form 21-to 25-nt duplexes with 5'-monophosphates, 3'- 
hydroxyl groups, and 2-nt 3' overhangs (17, 116).
RNAi amplification is accompanied by the '"transitive RNAi" phenomenon, i.e. dsRNA 
matching one mRNA region can silence targets bearing homology to other parts of the 
mRNA (117. 118), leading to spreading of RNA silencing to regions outside the inducer 
sequences (118, 119) and involving the production of secondary siRNAs (120). However, 
this phenomenon is different between plants and C. elegans. In plants, spreading of the 
effector secondary siRNA population occurs bidirectionally relative to the target mRNA 
(117), in contrast, transitive RNAi in C. elegans shows a strong bias toward sequences 
upstream of the trigger homology (121).
Pak and Fire, 2007 characterized small RNAs in C. elegans undergoing RNAi against an 
endogenous gene, sel-1 (12) as shown in Fig. 5.1, and found that the secondary siRNAs are 
an additional distinct class of small RNAs synthesized by an RdRp. They are only found 
upstream of the initial dsRNA trigger (119, 121), and are only of antisense polarity (122), 
carrying 5' di- or triphosphates (Sijen et al, 2007), which can silence mRNAs in trans (119). 
Each molecule derives from an independent de novo initiation by RdRP, and must be stripped 
off the template mRNA and incorporated into complexes that are capable of finding 
additional silencing targets (26); this is consistent with the biochemical properties of 
characterized cellular RdRPs that are capable of primed as well as unprimed small RNA 
synthesis (106, 123).
102
Sijen et al, 2007 characterized these secondary siRNAs with a capping assay, visualised as a 
band shift after capping was observed, indicating that these classes of siRNAs carry 5' di- or 
triphosphates as only those molecules with 5' di- or triphosphates can be successfully capped 
with guanylyl transferase. In contrast, primary siRNAs produced by Dicer carry mono­
phosphate and can not be capped in this way.
Based on the information above, we decided to detect secondary siRNA production which is 
upstream of the targeted endogenous gene pebble and the exogenous gene egfp, respectively. 
In my experiment, a Northern hybridization (Fig 3.4) detected the secondary siRNAs in flies 
without an exogenous canonical RdRp, which suggested that the Drosophila endogenous 
RdRp, D-elp-1, can successfully produce secondary siRNAs in an RNAi pathway. This is the 
first time that an endogenous Drosophila RdRp has been shown to produce siRNAs. In 
comparison, secondary siRNA production was enhanced when it was combined with the 
RdRp rrf-l\ this is consistent with the observed phenotype that silencing of egfp was 
enhanced. However, for pebble silencing, no upstream secondary siRNAs were detected, 
indicating no silencing enhancement was achieved in this case.
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Fig. 5.1 Distinct RNAi-associated small RNA populations identified by 5'-ligation-dependent and 5'- 
ligation-independent methods (26).
Small RNAs were isolated from animals in which RNAi had been triggered by dsRNA covering 
nucleotides 535 to 992 of sel-1 mRNA. (A and B) By the 5'-ligation-dependent method, (C) The 127 sel-1- 
associated small RNAs isolated by the 5'-ligation-independent method.
5.4 C. ELEGANS RdRp CONFERS IMMUNODEFENCE ON 
DROSOPHILA
RdRPs have been implicated in post-transcriptional gene silencing (PTGS) and antiviral 
defense; as He et a i  2010 summarized, these include co-suppression in plants (112, 124), 
RNA interference in C. elegam (47) and gene quelling in N. crassa (1). The evidence for the 
antiviral immunodefence role was based on the observation that transgenic tobacco deficient 
in an inducible RdRP (NtRdRPl) activity, and Arabidopsis carrying a mutation in AtRdRPl, 
the Arabidopsis ortholog of NtRdRPl, became more susceptible to virus infections, 
indicating that different RdRPs may have distinct roles in PTGS and antiviral defence (78).
From the RdRp evolution tree (70), one interesting phenomenon we observed is that the 
higher the ranking in evolution, the more likely the organism is to have lost RdRp, suggesting 
that lower ranking organisms like nematodes and Oscarella, etc, lacking complex immune
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response such as the humoral and cellular immune-responses in humans to combat infections 
in higher organisms, require canonical RdRps for fundamental genome protection.
5.5 RRF-1 AND EGO-1 HAVE DIFFERENT SILENCING ACTIVITIES 
AND HAVE DIFFERENT MECHANISMS FOR COMBATING 
INVASION OF FOREIGN NUCLEIC ACIDS
As expression of rrf-1 or ego-1 did not affect Drosophila development, we further tested their 
roles in RNAi through combining them into Drosophila lines in which the endogenous gene 
pebble was silenced; however, enhancement of pebble silencing was not observed. The 
silencing observed normally for the pebble gene, i.e. in the presence of only the pebble 
dsRNA transgene, is quite pronounced, and the resulting morphologies are variable, ranging 
up to strongly deformed wings (Shandala et al; unpublished observations). This means it may 
not be possible to rely solely on observation of morphological changes when silencing an 
endogenous gene to assess enhancement of RNAi. Indeed, while rrf-1 had no observable 
impact on silencing of pebble, expression of the other RdRp, ego-1, did, but it unexpectedly 
reduced silencing. We therefore tested whether the expression of RdRps affected the 
production of siRNAs in these RNAi flies. Although RdRp can enhance silencing by 
producing extra 2° siRNAs upstream of the dsRNA targeting sequence in C. elegans (26, 27), 
neither Northern hybridization, nor RNase protection assays detected production of 2° 
siRNAs in these flies, while 1° siRNAs detected were unchanged in all samples in the 
presence or absence of RdRp (Fig. 3 .IB & C). Since the pebble gene is only expressed in a 
limited tissue for a limited time, it is possible that the level of any 2° siRNAs produced may 
be too low for detection.
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In order to be able to assess whether RNAi was enhanced by either of the C. elegans RdRps, 
we next tested silencing of an exogenous gene, egfp. To ensure expression throughout all 
tissues and stages, the reporter gene was placed under the control of an ubiquitin/gal4 
construct. The egfp hairpin dsRNA required to generate primary siRNAs as a consequence of 
dicer-2/Ago-2 action targets almost the complete egfp sequence, leaving only ~28 nt 
untargeted at the amino-terminal portion of the egfp coding sequence (54). In order to provide 
additional sequences upstream on the same mRNA to allow testing for generation of 
secondary siRNAs as a consequence of RdRp action, the egfp coding sequence was fused to 
the coding sequence of a Drosophila gene, synaptotagmin (hereafter syt) (syt.egfp) (96), or of 
a bacterial gene, NaChBac (NachBac.egfp), encoding a Na-channel protein (97).
In both these cases, we observed that dsRNA-dependent silencing (Fig. 3.2B, & I) of the egfp 
gene was significantly enhanced in the presence of either of the RdRps (Fig 3.2C, J, E/F, & 
L). To confirm the requirement for the corresponding egfp dsRNA, we set up parallel crosses 
omitting only the dsRNA, while keeping all other genes and drivers (i.e. egfp, RdRp, da- 
Gal4) unchanged. Surprisingly, ego-1 still totally silenced the egfp gene (Fig. 3.2G & M) 
while rrf-1 did not (Fig. 3.2D & K), in the absence of the dsRNA. This observation was 
confirmed using a different Drosophila line in which syt-eGFP and eGFP.dsRNA.R were 
present on chromosomes II and III, respectively (Appendix Fig.3). We next asked whether 
another reporter gene, encoding the red fluorescence protein (RFP) (98), was also silenced 
with ego-1 without the corresponding rfp dsRNA; this was indeed observed (Fig. 3.2P), while 
no silencing by rrf-1 was observed (Fig. 3.2P). These results indicate that ego-1 is an
independent silencer that can autonomously, universally silence transgenes; on the other 
hand, rrf-1 is only capable of enhancing dsRNA-dependent silencing.
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This enhancement of foreign gene silencing with the RdRp was also supported by the effect 
observed on NaChBac gene expression. Normally, general activation of this gene with da- 
Gal4 will suspend Drosophila development at the 1st larval instar, resulting in death at that 
stage. However, dsRNA-induced partial silencing of the NaChBac.egfp gene, as shown by the 
reduction in egfp fluorescence (Fig. 3.2 I), allowed larvae to develop up to the 2nd instar, (Fig. 
3.3 A-l) at which point further development was suspended by the remaining leaky NaChBac 
activity. However, when combined with either one of the RdRps, total silencing (through 
comparison with fluorescence from w ) was achieved which, in turn, released the 
development suspension conferred by NaChBac and allowed the larvae to complete full 
development to adults (Fig. 3.3B & C). While ego-1 allowed completion of development 
irrespective of the presence of dsRNA, rrf-1 did not in the absence of the dsRNA transgene 
(Fig. 3.3 A-3). Furthermore, ego-1 can independently silence transgenes encoding not only 
proteins but also dsRNA hairpins, such as the pebble hairpin pblRNAfB<3J). Silencing of the 
pebble hairpin by e/7-gtf/4-activated ego-1 released pebble repression on the wing disc (Fig. 
3.1 A), and by da-gal4 activated ego-1 released pebble repression in all tissues, therefore 
rescuing full development (Fig. 3.3C i & ii; Appendix 4.5) to the adult stage. In summary, 
expression of C. elegans RdRps in D. melanogaster results in differential silencing activities: 
rrf-1 enhances transitive RNAi and ego-1 silences transgenes by a non-RNAi pathway.
5.6 EGO-1 EXPRESSION IN DROSOPHILA AFFECTED PROMOTER 
REGION DNA SEQUENCES
At present, DNA methylation in Drosophila is not well elucidated although methylation was 
observed at the early embryonic stage in Drosophila (65). In this project, we observed 
methylation phenomena in adult Drosophila after introducing ego-l\ bisulphite sequencing
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confirmed that ego-1 conferred heavy methylation only at the promoter region containing 
UAS and the first half heat shock (HS) DNA sequences. However, this was observed only at 
the promoter driving ego-1 itself and the incidence was relatively low (1/10); for expression 
of the foreign gene egfp, we observed that the same fragment was deleted, similarly the 
incidence was only 1/10. Based on these data, we cannot conclude that ego-1 caused 
promoter region methylation, but we can claim that adult Drosophila does have a methylation 
mechanism and that the presence of C. elegans ego-1 affects Drosophila methylation. As for 
the fragment deletion caused by ego-1, no other similar phenomenon has been reported, and 
this observation requires further investigation.
5.7 MEIOTIC SILENCING BY UNPAIRED DNA (MSUD)
In C. elegans, ego-1 is expressed in the germline, and promotes chromosome segregation 
(101). This RdRp generates 22G-RNAs from many genes and is required for meiotic 
silencing of unpaired DNA, targeting unsynapsed chromosome regions that result e.g. from 
rearrangements (47). In this study, the silencing of transgenes such as EGFP by ego-1 in the 
absence of primary or secondary siRNA production appears different from post- 
transcriptional gene silencing (PTGS). Although Drosophila transgenes are unpaired, ego-1 
dependent silencing is visible in the absence of meiosis, e.g. in the direct progeny of the 
w;da-Gal4;T-ego-7 x w; + ;UAS-syt.eGFP crosses. However, mitotic pairing of homologous 
chromosomes has long been known to occur, most unusually, in Drosophila (30: McKee, 
2004); ego-1 most likely triggers silencing of these unpaired transgenes by a mechanism 
similar to that used in meiotic silencing of unpaired DNA in C. elegans. Expression of ego-1 
in Drosophila therefore establishes a novel system for the study of its role in gene regulation. 
Further insights could come from use of mutants in genes controlling histone deacetylation,
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e.g. hdac-1 and hdac-3 (125), that are suggested to be required for the chromatin 
rearrangements underlying transcriptional silencing in C. elegans (47), (100). Finally, it will 
also be of interest to extend this study to ask whether the introduction of RdRps provides 
Drosophila with a novel genome-defence or RNA-based immunity capability against DNA or 
RNA viral genomes.
5.8 FUNCTIONS OF miRNAs
miRNAs are a class of highly conserved small non-coding RNAs that negatively regulate 
gene expression post-transcriptionally, and mediate a variety of cell processes, including 
proliferation, differentiation, and apoptosis. A primary role of miRNAs is to tune gene 
expression to control development and tissue homeostasis (126). These ~22-nucleotide 
single-stranded RNAs inhibit the expression of specific target mRNAs through Watson-Crick 
base pairing between the miRNA ‘seed region’ and sequences most likely located in the 3' 
untranslated regions (UTRs) (127). Current methods to manipulate individual miRNAs iti 
vivo using miRNA mimics (128) or miRNA sponges (129) open up possibilities for the 
functional characterizations of individual miRNAs, and therefore for the therapeutic 
manipulation of miRNAs (130).
miRNAs have important roles in regulating developmental timing in invertebrates (131, 132) 
and the ability to regulate expression of even hundreds of target genes (133). Genetic 
deletions of miRNAs in organisms ranging from worms to mice have shown that few 
developmental processes are absolutely dependent on single miRNAs (126, 134). It is 
generally believed that many miRNAs function through simultaneously inhibiting multiple 
regulatory mRNA targets. While many miRNAs are expressed ubiquitously, some are
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expressed in a tissue specific manner (127), e.g. in order to regulate gene expression in 
vertebrate cardiovascular tissue development. A recent study using compound mutant worms 
suggested there was significant redundancy within miRNA families, between unrelated 
miRNAs, and even between miRNAs and transcription factors (135, 136).
The bantam locus of Drosophila was initially identified as a gene that affects tissue growth 
(137). Further study showed that bantam encoded a developmental^ regulated miRNA that 
controls cell proliferation and regulates the proapoptotic gene hid in Drosophila (138). More 
recently, it was also found bantam is involved in regulating scaling growth of dendrite arbors 
in Drosophila sensory neurons (139). The muscle specific miR-1, miR-133 and miR-206 are 
among the best-characterized miRNAs to date. These miRNAs are necessary for proper 
skeletal and cardiac muscle development and function (133); others, such as, the fibrotic 
response is inhibited by miR-29 (140), cardiac conduction by miR-1 (141, 142), actin 
cytoskeletal dynamics by miR-145 (143), and stem-cell pluripotency by miR-145 (144).
In the Lepidoptera model Bombyx mori, Liu et al, 2010 have recently identified many novel 
miRNAs, and established the spatial expression patterns of nearly 100 miRNAs in multiple 
normal tissues using microarray and Northern-blotting analyses. They found that very few 
miRNAs such as bmo-let-7 and bmo-bantam were universally distributed, while the majority 
of miRNAs, including bmo-miR-275 and bmo-miR-1, were expressed preferentially in 
specific tissue types (145). Further analysis on the developmental patterns during 
metamorphosis indicated that many miRNAs displayed significant alterations in abundance, 
from significant increase to coordinated expression during the developmental transition from 
larvae to pupae (145).
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5.9 miRNA IDENTIFICATION IN HELICOVERPA ARMIGERA
As stated in chapter one, methods for miRNA identification include cloning, Sanger 
sequencing protocols (38), computational prediction analyses of genomic DNA and the next 
generation ‘Deep-sequencing' technologies including Solexa/Illumina's Genome Analyzer 
(GA), 454 and AB SOLiD (42). The method we used for Helicoverpa sRNAs was Illumina 
deep sequencing technology (Geneworks). In order to identify miRNAs that play critical 
roles in Helicoverpa gut development, three total RNA samples from different tissues or 
different stages were deep sequenced, i.e. neonates, gut, and pupae. In comparison with 
typical plant sRNA profiles, which have unique peaks at 22 and 24 nt (Fig. 5.2), Helicoverpa 
gut sRNAs showed two peaks at 20 and 27 nt (Fig. 4.2). It is not clear whether the 27 nt 
sRNAs are piwi-miRNAs.
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Fig 5.2 Typical plant deep sequencing reads with unique peak at 24 nt (From Dr. Peter Waterhouse).
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For novel miRNA predictions, we had difficulty using the Helicoverpa genome sequence, 
which is not completely assembled, but is comprised of many large contigs. We ran miRDeep 
against the 18.4 k contigs larger than 3500 bp in length (total ~ 145 Mbp, about 1/3 of the 
complete genome). This approach was validated by the known miRNAs identified in other 
species that were successfully predicted by miRDeep. From 75 conserved miRNAs identified 
through blasting with miRNAs published in other species, only 36 miRNAs were 
successfully predicted by miRDeep, i.e. about 50% of miRNAs were not predicted by this 
method, therefore we propose that at least another 193 miRNAs were not predicted by 
miRDeep. Thus, identifying a complete miRNA dataset requires a full genome sequence and 
appropriate bioinformatics methods.
Similarly, miRNA sequencing projects were conducted in other insects including B. mori, 
Acyrthosiphon pisum, and Heliconius melpomene. More predicted miRNAs (some were 
experimentally validated) were deposited in miRBase, all of these will contribute towards the 
physiological study of these insects, particularly for the subsequent pest control, such as for 
H. armingera, which is a main plant pest in Australia.
5.10 VALIDATION AND FUNCTIONS OF miRNAs
miRNAs regulate gene expression either by catalyzing the cleavage of messenger RNA 
(mRNA) (23, 146) or through repression of mRNA translation (147, 148). They play critical 
roles in cell development, differentiation and communication (21). Since the discovery of 
miRNAs, extensive surveys have begun to identify miRNA biomarkers that are specific for 
tissue types or disease status.
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Although miRNAs consist of a large quantity of transcripts, their expression levels vary 
dramatically among different species and tissues (149). Therefore, it is very likely that less 
abundant miRNAs will not be detected with traditional technologies like cloning, Northern 
hybridization (150) and microarray analysis (151, 152). Although microarrays could improve 
the throughput of miRNA profiling, they lack sensitivity and specificity (151, 152). As Chen 
et al said “Low sensitivity becomes a problem for miRNA quantification because it is 
difficult to amplify these short RNA targets. Furthermore, low specificity may lead to false 
positive signals from closely related miRNAs, precursors and genomic sequences”.
Recently-developed novel real-time quantification methods for accurate and sensitive 
detection of miRNAs and other small RNAs expand the real-time PCR technology for 
detecting gene expression changes from macromolecules (e.g. mRNAs) to micro molecules 
(e.g. miRNAs) (44).
As stated in Chapter one, stem-loop RT-PCR or key-loop RT-PCR and Northern 
hybridization are the main methods for miRNA validation and quantification. In this project, 
I tried both these methods. The advantage of Loop-RT-PCR is that it can quantify many 
miRNAs simultaneously; in comparison; Northern blot and hybridization can only detect a 
single miRNA at a time, which is time-consuming and tedious. In addition, Northern 
hybridization is not as sensitive as Loop-RT-PCR. and needs a large amount of total RNA (up 
to 90 ug) for blotting; however, this method is of high standard, and has high specificity. 
Northern hybridization confirmed the miRDeep predicted novel miRNAs and their high level 
of expression specifically in the gut, which is consistent with the Deep sequencing reads. 
These miRNAs could play a critical role in gut development through mainly downregulation
113
of certain genes. Due to the limited time available for this project, further investigation of 
their functions was not performed.
5.11 POTENTIAL TO ESTABLISH A NEW SYSTEM FOR STUDYING 
THE ACTIVITY OF EGO-1 AND A NEW SYSTEMIC RNAi IN 
DROSOPHILA
ln C. elegans, ego-1 is involved in segregation of chromosomes that are holocentric (as in 
aphids and lepidoptera). Ego-1 is required for biogenesis of 22G-short RNAs that derive from 
many protein-coding genes (not just transposons), which triggers a pathway promoting 
chromosome segregation; the 22-mers interact with a specific Argonaute protein, CSR-1, to 
organize the coding domains during segregation (101). Ego-1 is also required for meiotic 
silencing of unpaired DNA, targeting unsynapsed chromosome regions that result e.g. from 
rearrangements (89).
Study of the function of ego-1 in C. elegans is restricted by that fact that ego-1 knock out 
mutants are lethal. Hence, the ego-1 transgenic flies generated in this project will provide a 
resource for functional study of ego-1. Somatic ego-1 expression in Drosophila allows its 
role in chromosome (re)organization of transgenes to be studied (e.g. using mutants to study 
the possible role of histone modification).
On the other hand, as Drosophila does not have systemic RNAi due to the lack of a canonical 
RdRp and a relevant sid gene, these RdRp flies are also potential resources that may allow 
the establishment of a systemic RNAi model in Drosophila through combining them with 
ectopic expression of another RNAi gene, sid (50).
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5.12 CONCLUSIONS AND FUTURE WORK
We successfully introduced two C. elegans RdRp genes, rrf-1 and ego-1, into D. 
melanogaster. The successful introduction of two C. elegans RdRp genes into D. 
melanogaster resulted in no visible phenotypic or morphological changes during Drosophila 
development. This indicates that RdRps did not appear to interfere with the expression of 
essential developmental genes associated with small ncRNAs (e.g. miRNAs) present in 
Drosophila. The introduction of C. elegans RdRp genes into transgenic Drosophila provides 
a resource to examine whether these enzymes can modulate or enhance silencing in these 
insects.
Despite this finding, we subsequently selected pebble as well as eGFP as an endogenous or 
exogenous candidate RNAi gene target to test if the combined RdRp played any role in 
RNAi. Enhancement of pbl silencing specifically in the posterior compartment of the wing 
disc was not observed when rrf-1 was co-expressed with the hairpin pbl dsRNA. Curiously, 
co-expression of ego-1 at the high levels enabled by the UAST vector resulted in a decrease 
in the silencing phenotype.
We further tested whether the expression of RdRps affected the production of siRNAs in 
these RNAi flies. Neither Northern hybridization, nor RNase protection assays detected 
production of 2° siRNAs in these flies, while 1° siRNAs were detected unchanged in all 
samples in the presence or absence of RdRp. In contrast, when RdRp was combined to 
silence an exogenous eGFP. ds-RNA-dependent silencing of the EGFP gene was significantly 
enhanced in the presence of rrf-1, whereas ego-1 directly silenced eGFP in a non-RNAi 
manner. This observation was confirmed with a different Drosophila line, and another
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reporter gene, the red fluorescence protein (RFP) (98). These results indicate that ego-1 is an 
independent silencer that can autonomously silence transgenes; on the other hand, rrf-1 is 
only capable of enhancing dsRNA-dependent silencing. This enhancement of foreign gene 
silencing with the RdRp was also supported by the effect observed on NaChBac gene 
expression.
In order to confirm activity of the RdRp genes, we tested for the production of 2° siRNAs 
resulting from the action of RdRp (26, 27, 68). Expression of rrf-1 enhanced anti-sense 2° 
siRNA levels in flies expressing rrf-1, confirming that rrf-1 enhances RNAi in Drosophila by 
the transitive pathway. In contrast, the levels of 1° siRNAs were reduced and 2° siRNAs 
abolished in the flies with ego- and the EGFP dsRNA. The reduction of even the 1° EGFP 
siRNAs in the presence of ego-1 suggested that ego-1 simultaneously silenced the egfp 
hairpin dsRNA transgene as well as the actual EGFP-transcript.
Our findings with rrf-1 were consistent with observations in C. elegans and established that 
this enzyme was capable of functioning in Drosophila to enhance somatic gene RNAi as it 
did in the other classical animal model system. In contrast, the ego-1 gene silencing observed 
in Drosophila was independent of dsRNA-dependent RNAi, appearing to be transcriptional 
and restricted to transgenes. Although the nuclear run-on assay did not confirm this silencing, 
due to the expression level of EGFP being below the level for detection, the silencing most 
likely occurred at transcriptional level as no mRNA was detected, no detectable siRNA was 
produced, and the silencing was irreversible. Further experiments with Southern 
hybridization and bisulfite sequencing detected methylation status changes in the promoter 
region of the transgenes, which indicated that ego-1 might regulate the transgene expression 
through specific modification of Gal4-UAS sequences.
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Our findings have established a novel system for the study of the role of ego-1 in gene 
regulation. Further insights could come from the use of mutants in genes controlling histone 
deacetylation, e.g. hdac-1 and hdac-3 (125), that have been suggested to be required for the 
chromatin rearrangements underlying transcriptional silencing in C. elegans (100). Of further 
interest is why ego-7-dependent transcriptional silencing is observed in somatic tissues in 
Drosophila, whereas it appears restricted to the germline in C. elegans. Finally, it will also be 
of interest to extend this study to explore viral genes, for example, to ask whether the 
introduction of RdRps provides Drosophila with a novel genome-defence or RNA-based 
immunity capability against DNA or RNA genomes.
We were also attempting to identify miRNAs in Helicoverpa armigera, as a basis for 
understanding their role in development; in particular, we are interested in those miRNAs 
highly expressed in the gut, and their possible roles in gut development. Initially we 
performed next generation Deep sequencing (Illumina/Solexa) with three H. armigera total 
RNA samples from different tissues and different stages, i.e. neonate, gut, and pupae. In order 
to achieve a compressive database of possible miRNAs, numerous small RNA sequences 
were obtained from 5 Soiexa lanes: 2x neonate, 1 midgut, and 2 x pupal. There were ~ 1.26M 
unique sequences from 19-24 nts long, with abundances ranging from 1 to 260k.
To identify candidate miRNAs, we firstly: (1) identified and named conserved miRNAs by 
sequence identity to known invertebrate miRNAs; and (2) performed miRDeep analysis 
(starting with our larger current contigs). Sequence comparison with known miRNAs 
identified 2593 RNA species, from 19-24 nts in length, in the Helicoverpa dataset that
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matched 76 distinct miRNAs. Some sequences are very similar, and show similarity with 
conserved miRNAs; these most abundant sequences were selected and named accordingly. 
To predict novel miRNAs, we used the miRDeep program to scan the 97,016 genome 
assembly contigs larger than 3500 bp in length; this gave 164 predicted miRNAs, only 36 of 
conserved miRNAs were successfully predicted by miRDeep; the other 40 conserved ones 
were not predicted. This resulted in 204 total miRNAs indentified in this project, among 
which 76 miRNAs are conserved and 128 are novel miRNAs. Among those conserved 
miRNAs, we found that the popular and highly conserved one, mir-bantam, was predicted, 
while the mir-1, which was demonstrated by many papers involved in the muscle 
development, was not predicted; this probably could be attributed to the high conservation 
characteristic of the miRDeep, which was based on the miRNA biogenesis pathway. Some 
miRNAs, such as mir-124, mir-263a, and mir-93, were found highly conserved in all related 
speices (Appendix A9).
To identify miRNAs possibly involved in gut development, we chose 15 miRNAs from the 
set above that were uniquely, highly expressed in the gut while having low reads in neonates 
and pupae; three of them were confirmed to be unique to gut with high expression with 
Northern blot and hybridization.
Further work to test the function of miRNAs in gut development can be achieved through 
miRNA mimics or sponge techniques (refer to section 5.8), however, due to the difficulties in 
Helicoverpa transformation system, a test can be conducted in model organism, Drosophila. 
A bioinformatics analysis that predicts target mRNAs could also be considered and followed 
by experimental testing to determine how these miRNAs target these genes and control their 
expression.
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APPENDICES
APPENDIX AI: PRIMERS FOR STEM-LOOP qRT-PCR
Table A l.l Stem-loop primers for miRNAs in Helicoverpa arntigera
p r im e  ta r g e t P r im e r  s e q u e n c e
H ar-m iR -2 0 1 5 GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGCCGAC
H ar-m iR -2 0 2 5 G T C G T A T C C A G T G C A G G G T C C G A G G T A T T C G C A C T G G A T A C G A C G C C A T A
H ar-m iR -2 0 0 2 b G T C G T A T C C A G T G C A G G G T C C G A G G T A T T C G C A C T G G A T A C G A C T A C C A C
H ar-m iR -2 0 3 0 G T C G T A T C C A G T G C A G G G T C C G A G G T A T T C G C A C T G G A T A C G A C T A G G T G
H ar-m iR -2 0 4 7 G T C G T A T C C A G T G C A G G G T C C G A G G T A T T C G C A C T G G A T A C G A C A C A G T C
H ar-m iR -2 0 4 8 G T C G T A T C C A G T G C A G G G T C C G A G G T A T T C G C A C T G G A T A C G A C A A C G T C
H a r-m iR -2 0 5 1 G T C G T A T C C A G T G C A G G G T C C G A G G T A T T C G C A C T G G A T A C G A C A G A C A G
H ar-m iR -2 0 5 5 G T C G T A T C C A G T G C A G G G T C C G A G G T A T T C G C A C T G G A T A C G A C A G G A T C
H ar-m iR -2 0 5 9 G T C G T A T C C A G T G C A G G G T C C G A G G T A T T C G C A C T G G A T A C G A C A C A T A C
H ar-m iR -2 7 9 d G T C G T A T C C A G T G C A G G G T C C G A G G T A T T C G C A C T G G A T A C G A C G C A G A C
H ar-m iR -2 0 6 9 G T C G T A T C C A G T G C A G G G T C C G A G G T A T T C G C A C T G G A T A C G A C A A T G A C
H ar-m iR -2 0 8 2 G T C G T A T C C A G T G C A G G G T C C G A G G T A T T C G C A C T G G A T A C G A C G C C G T C
H ar-m iR -2 0 8 3 G T C G T A T C C A G T G C A G G G T C C G A G G T A T T C G C A C T G G A T A C G A C T C C G C C
H ar-m iR -2 1 0 4 G T C G T A T C C A G T G C A G G G T C C G A G G T A T T C G C A C T G G A T A C G A C T G A G C T
H a r-m iR -2 1 10 G T C G T A T C C A G T G C A G G G T C C G A G G T A T T C G C A C T G G A T A C G A C T C A G A G
U 6 stem -lo o p GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACACGATT
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Table Al.2 miRNAs qPCR primers
o l ig o  n a m e S e q u e n c e A n n e a l in g  t e m p e r a tu r e
s te m - lo o p  r e v e rs e G T C G T A T C C A G T G C A G G 5 4  °C
H a r -m iR - 2 0 1 5  F o r C T G C A A A C T T T T A G T C G G 5 2 °C
H a r -m iR - 2 0 2 5  F o r G A T G T T T G G G A A T C G T A T G 5 4 °C
F Ia r -m iR -2 0 0 2 b  F o r G G G G A T G T A G C T C A G T G 5 4 °C
H a r -m iR - 2 0 3 0  F o r G C G G C A G G A A C A C C T A 5 2 °C
F Ia r-m iR -2 0 4 7  F o r G T T T T C A T A A A A C G A C T G T 5 0 °C
F la r -m iR -2 0 4 8  F o r T A A A T T C G T G A A A T C G G A C 5 2 °C
H a r -m iR -2 0 5 1  F o r T A C G C A A G C G G T G T G G C 5 6 °C
H a r -m iR - 2 0 5 5  F o r T A T T C G A G A C C T C T G C T G A 5 6 °C
H a r -m iR - 2 0 5 9  F o r C C T G T  A G A A A T C C G G G T A T 5 6 °C
H a r -m iR - 2 7 9 d  F o r T G A C T A G A T C C A T A C T C G T 5 4 °C
H a r -m iR - 2 0 6 9  F o r T T T G G C A C T G T T A T A T G T C 5 2 °C
H a r -m iR - 2 0 8 2  F o r A T A C T G T T G A A C A A T G A C G 5 2 °C
H a r -m iR - 2 0 8 3  F o r A T A G A T T A A G T A G A A C T G G C 5 4 °C
H a r -m iR - 2 1 0 4  F o r C C A G A T C T A T C T T T C C A G C 5 6 °C
H a r - m iR - 2 1 10 F o r T C A G G T A C T A G G T G A C T C 5 4 °C
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H a r -m iR - 2 7 5 a b c  F o r G G T A C C T G A A G T A G C G C 5 4 o C
U 6  F o r  H a r C C T G C G C A A G G A T G A C 5 2 o C
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APPENDIX A2: SEQUENCES AND DIAGRAMS FOR DETECTION OF 
THE 1° AND 2° siRNAs
Probe 3 "  150 nt
Probe 2 Probe 1
Probe 4 "150 nt
Pebble gene
x"iZTrizi"XTsrx3rx"x^iTX
Secondary SiRNAs Primary SiRNAs
Targeting sequence of Pebble gene
Appendix Fig. A2.1 Diagram showing detection of the 1 and 2 siRNAs with the probes designed based on 
the pebble (95) gene sequence using Northern hybridization and for the RNAse Protection Assay. The red 
fragment represents the sequence targeted by hair-pin RNA; the blue fragment represents the sequence 
upstream of the targeted sequence. Probe 1 and 2 as indicated were for Northern blotting and 
hybridization, while probe 3 and 4 were for the RNAse protection assay. Probe 1 and 4 were for 1° siRNA 
detection; probe 2 and 3 were for 2 siRNA detection.
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ATGGAAATGGAGACCATTGAAGAGCAATCGAAGTGCGAGATGTCCATAACAACGCTGCC
CACGCGCATCTGCCTGGTGGGAGGCGTTGGCCAGGATGCGGACACGCTGCAGGCAGCCG
AATCCTTTGGCCTGCCCATCGTTACGTCGGACACGGGTCTGGACATTCTCGGAGAGTCGT
CGGACTGGCGGACATTCTACGTGCTGGATGACTTCGAGGGTGCCAGCTTCGAGGCGATA
CACAAGCAAAAGGAATGCATTCTGGGACCGCCGGCTTTGAAGTACGCGGCCGAGATGAA
ACAGACACTGGGCCAGAACTCGCGGCCCATTTACAATTACGCGATGCGCGGCGTGGTCA
CTTGTTTTACAGGCATACGCAAGAAGGATGAGCTGACAAAGCTGGTCAATCTCATTCACT
CGATGGGTGGCTGCATCAAGAAGGACCTGAACACGAAGACCACGCATTTGATTTGCAAC
CACAGTGGCGGCGAAAAGTACCAGTACGCCAAAACCTTTCGGTTGACCGTGGTTCGTCCT
GCTTGGGTGTTTGCCGCTTGGGCGGATCGTAATTCGCTGGAGTTCGATGCCACGCAAGAG
AATTTCACCAAGACGCATCGCCTGAAGGCATTCGAGGGTCAAAAGATTTGCTTCTTTGGA
TTCCCTGTGGAGGAGCATCAGCATATGGTGGATGTACTTTTAGAAAACGGAGGCGTTTGC
GCCGAGCTCGATGATCCGGAGTGCTCGCATGTCGTGGTTGACGAGCACACGACTTTGACG
AAGCCGGAGCCGAAGAATAATCACACTCATATCCTGAAATCAGACTGGTTCTGGTATAC
CATACAGAATGGCTATGCCAATGAGATGGACTATCTGTTTGGCGACTATTTGGATAGCAT
CACGAATACACCGAACACAGATCGTCGGGATTCATTGCCCATTAGCTTTAACAAAAGGA
AACGCAAGCGTTTTTCGCAACGCATCCAGCTGGAGGGTACTCCGTTGGGTTCTGGTAAAC
GACGCTCCTCCGTTTCGGATGCCGGTCTATTGTCTGTCTCAAATAGTTTATTCGATTGTAC
CACCAGTCCGGATAAACTGGAGTCGGACAAGCTGTTGCATGCCGAGCCGGAGGCGAGCG
ATGCCACTCCAGCCAAGAAATCGATGCGCTTTAATCACTTTATGGACTTTTATACCACAG
AGTCCAACTACGTGGGCATATTGGACACCATACTGAATCTTTTTAAAAACAAGTTGGAAG
AGTTGGCTGAAACCAATGATCCGCTGCTTAATAAGTCGGAGATCAAGACGATCTTTGGCA
ACTTCCTGCCTATCCACGAGGTACACCAAAGCATGCTGGAGCATCTGCGGAAATTGCATG
CTAACTGGCGGGAGGATTGTCTTATTGGAGACATTATCATTCAACATCGCGACGAGCTGA
TAAAGGCGTATCCACCATACGTCAACTTCTTCGAGCAGATGAAGGAGCAACTGCAGTAC
TGCGATCGGGAATATCCGCGTTTCCACGCCTTTCTGAAGATTAATCAAACGAAACCGGAG
TGCGGACGCCAAGGTCTACAAGATCTGATGATCCGTCCAGTTCAGCGATTGCCCAGTATC
AGTCTGCTGCTAAATGATATATTGAAACATACGACAAGTGGCAATGCGGACCACGGACG
TTTGGAGGAGGCTCTGAAGGCCATCAAGCAGGTGACACTGCACATCAACGAGGATAAAA
GGCGGACCGAATCGCGCATGGCCATCTTCGATATATTCAACGATATCGAAGGATGTCC
GGCGCATTTAGTGAGTTCCAACCGCAGCTTTATTTTGAAGTGTGAGGTGAACGAGC
TCTCCGATTCGCTGAGCGGTCGTGGTGATAGCCTGGTCCTGTACCTGTTCTCCGATT
CCATTGAGCTATGCAAGCGGCGTTCTAAAGGATTCAACACTGCAAAATCGCCAAGC
ACGGCCAAGACGCATAAGCATCTCAAGCTGATATCTTTGAATACGATCCGGTTAGT
GATTGACATCTCGGATAGTCCAAGAGCTTTTGGTTTGCTCTTGCGGGGCGATAAGG
AGAAGCTCTATACGTTTACGATCAGTGATGAGGAGACAGATAAGTCGGTCTACGTA
AAGAAATTGTGCAACCAGATTGCAGCCCACACCTGCCGTACTGATGCGGACAAACT
TTTGATTTGTCGCACCTCCCAGGAACTGGAGGTGGACATAAGTGATGTGAATGTCA
GCACGCTCAGCAAAGCCTTTAAACTGGCGGCCAAAACGCGACTCAAGGTGGGTCGT
GCTTTCTCCTTTAACAAAACGCCCAACAAACTGAAACGGGCCGTATCCACGATGAT
GACTTCGCCGTTTGGCAGCACCAACTCTCTAACACCTGCCTCTCAATTGGCCCAGAT
GCGTTTGGCCAGCTGCACGAATATAAATGAGGTTGATGATGAGGACTGTGCAAGCA
TGCGAAGCAGTTCGCCGTCAACACAATCCGAGATGCTAGTGGTACCGCCACTTTCGGTG
CAACCCACGCGGAAAAACAAGGCCGTTGTGGGCCGCATTTAG
Appendix Fig A2.2 pebble gene cDNA sequence. The sequence targeted by the dsRNA hairpin pblRI\Ai.4B 
is shown in red (67).
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Sense /anti-sense Probe (" 200 nt) 
for 2l>tl siRNAs detection
Sense /anti-sense Probe (" 200 nt) 
for primary siRNAs detection
Syt /N oC hB ac e g fp  gene
Secondary SiRNAs
Appendix Fig. A2.3 Detection of 1 and 2° siRNAs from EGFP translational fusions. This diagram shows 
the probes designed based on the egfp gene sequence (Clontech) (54) and upstream-linked syt ( Genebank 
accession No. M55048) (96) or NaChBac sequence (kindly provided by Dr. Dejian Ren) (97) through 
Northern hybridization.
GAATTCCATGAAAATGGAAGCTAGACAGAAACAGAACAGtTTCACTAGTAAAATGCAAA
AAATCGTGAATCATCGGGCGTTTACGTTTACGGTGATCGCGTTAATTCTTTTTAATGCCCT
TATCGTTGGAATCGAAACCTATCCACGTATTTATGCTGATCATAAATGGTTATTCTATCGA
ATAGATCTTGTTCTTCTCTGGATCTTCACGATTGAAATTGCGATGCGCTTTTTAGCTTCGA
ATCCGAAATCAGCTTTTTTTCGAAGTTCATGGAATTGGTTTGATTTCTTAATTGTAGCCGC
AGGTCATATATTTGCAGGTGCTCAATTTGTGACGGTTCTCCGTATTTTACGGGTTCTCAGG
GTACTACGGGCCATCTCAGTTGTTCCATCGTTGCGCAGGTTAGTTGATGCGTTGGTGATG
ACGATCCCGGCGTTAGGAAACATCTTAATCTTGATGAGCATTTTCTTCTATATTTTTGCCG
TTATCGGGACGATGTTATTTCAGCATGTGTCGCCTGAATATTTCGGTAATTTACAGCTTAG
TTTGTTAACATTGTTCCAAGTGGTCACGCTAGAGTCATGGGCGAGCGGCGTCATGCGACC
AATTTTTGCCGAAGTTCCGTGGTCTTGGCTTTATTTTGTCAGCTTTGTCTTAATCGGTACG
TTTATCATCTTTAACTTGTTTATCGGTGTAATCGTCAATAACGTTGAAAAAGCAGAGTTA
ACGGACAATGAGGAAGATGGTGAAGCCGATGGGTTAAAACAAGAAATCTCAGCCTTAAG
AAAAGACGTAGCCGAGCTAAAAAGCTTGCTTAAACAATTGAAATGATGATACAAAAGA
GGTTCTTAGTCAAATGTTGGGTCTAGA
Appendix Fig. A2.4 The NaChBac Insert Sequence. EcoRI (GAATTC) & Xbal (TCTAGA) sites are 
underlined. Translation start (ATG) and stop (TGA) codons are in bold.
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ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGA
CGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCT
ACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCA
CCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGA
AGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCT
TCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACC
CTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGG
GCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGA
AGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAG
CTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGA
CAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATC
ACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGT
ACAAGTAA
Appendix Fig. A2.5 EGFP coding sequence (kindly provided by Dr. Christophe Antoniewski).
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APPENDIX A3: DIFFERENTIAL SILENCING MECHANISM OF RRF-1 
AND EGO-1.
syt-eGFP (II)
W; da-Gal4 
(control)
+ dsRNA
+ dsRNA 
+ rrf-1
+ rrf-1
+ dsRNA 
+ ego-1
+ ego-1
Appendix Fig. A3 rrf-1 enhances eGFP silencing in a dsRNA-dependent manner, while ego-/-conferred 
silencing is dsRNA-independent manner (refer to Fig 3.2).The crosses are the same as Fig 3.2 except that 
in this Figure, the UAST-syt.eGFP is located on chromosome II while eGFP.dsRNA.R is on chromosome
III.
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APPENDIX A4: FLY CROSSES
APPENDIX A4.1 TO COMBINE EGFP dsRNA.R CONSTRUCTS WITH 
SYT/NACHBAC LINKED EGFP CONSTRUCTS
Appendix A4.1.1 For creation of flies w; UAS-GFP.dsRNA.R; UAS-syt.eGFP
9 w; UAS-GFP.dsRNA.R; + x $  w; +; UAS-syt.eGFP
1
S  w; UAS-GFP.dsRNA.R/+; UAS-syt.eGFP/+ x 9 w; If/CyO;MKRS/TM6B
1
9 x S  w; UAS-GFP.dsRNA.R/CyO; UAS-syt.eGFP/TM6B
I
w; UAS-GFP.dsRNA.R; UAS-syt.eGFP (stock)
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Appendix A4.1.2 For creation of flies w; UAS-NaChBac-EGFP; UAS-GFP.dsRNA.R
9 w ;+; UAS-GFP.dsRNA.R x S  Y'w*; UAS-NaChBac-EGFP; +
1
S w; UAS-NaChBac-EGFP/+; UAS-GFP.dsRNA.R/+ x $ w; If/CyO; MKRS/TM6B
1
$ x S  w; UAS-NaChBac-EGFP/CyO; UAS-GFP.dsRNA.R/TM6B
1
w; UAS-NaChBac-EGFP ; UAS-GFP.dsRNA.R (stock)
APPENDIX A4.2 CROSSES THAT WERE SET UP FOR SILENCING OF 
THE DROSOPHILA ENDOGENOUS GENE PEBBLE WITH OR WITHOUT 
RdDRp IN FIG 3.1 A.
A: w; En-Gal4; + x w; pblRNAi4B; +
B: w; En-Gal4; P-ego-1 x w; pblRNAi4B; +
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C: w; En-Gal4/CyO; T-rrf-1 x w; pblRNAi4B; +
1
Select progenies without CyO
D: w; En-Gal4; T-ego-1 x w; pblRNAi4B; +
1
Wild type phenotype (picture not shown)
APPENDIX A4.3 CROSSES TO OBTAIN FLUORESCENCE OR 
FLUORESCENCE-SILENCED LARVAE (FIG 3.2)
A: w; da-Gal4; + x w; +; UAS-syt.EGFP
B: w; da-Gal4; + x w; UAS-GFP.dsRNA.R; UAS-syt.eGFP
C: w; da-Gal4; T-rrf-1 x w; UAS-GFP.dsRNA.R; UAS-syt.eGFP
D: w; da-Gal4; T-rrf-1 x w ;+; UAS-syt.eGFP
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E: w; da-Gal4; T-ego-1 x w; UAS-GFP.dsRNA.R; UAS-syt.eGFP
F: w 1118
G: w; da-Gal4; T-ego-1 x w; +; UAS-syt.eGFP
H: w; da-Ga!4; + x w; UAS-NaChBac-EGFP; +
I: w; da-Gal4; + x w; UAS-NaChBac-EGFP ; UAS-GFP.dsRNA.R
J: w; da-Gal4; T-rrf-1 x w; UAS-NaChBac-EGFP ; UAS-GFP.dsRNA.R
K: w; da-Ga!4; T-rrf-1 x w; UAS-NaChBac-EGFP ; +
L: w; da-Gal4; T-ego-1 x w; UAS-NaChBac-EGFP ; UAS-GFP.dsRNA.R
M: w; da-Gal4; T-ego-1 x w; UAS-NaChBac-EGFP ; +
N: w; da-Gal4; + x W *; UAS-Rab4-mRFP; +
O: w; da-Gal4; T-rrf-1 x W *; UAS-Rab4-mRFP; +
P: w; da-Gal4; T-ego-1 x W *; UAS-Rab4-mRFP; +
APPENDIX A4.4 CROSS TO TEST WHETHER DIRECT SILENCING BY 
SUPERFLY W; DA-GAL4; UAST-EGO-1 IS REVERSIBLE OR 
IRREVERSIBLE.
w; da-Gal4; UAST-ego-7 x w ;+; UAS-syt.eGFP
I
S  w; da-Gal4/+; UAST-ego-1! UAS-syt.eGFP + x 9 w; If/CyO; MKRS/TM6B
1
!/4 of the progeny should be: w; da-Gal4 /CyO; UAS-syt.eGFP /TM6B
i.e. da-Gal4>> UAS-syt.eGFP, up to 100 1st or 2nd instar larvae were checked, however none of them 
was GFP fluorescent, indicating that silencing by ego-1 is irreversible.
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APPENDIX A4.5 SUPERFLY W; DA-GAL4; UAST-EGO-1 SILENCED 
GENERAL DRIVER DA-GAL4 ACTIVATED HAIRPIN PBLRNAI 4B(31), 
THEREFORE RESCUED THE PROGENY WHICH OTHERWISE WOULD 
BE KILLED AT THE PUPAL STAGE.
Three parallel crosses were set up as follows to test if rrf-1 and ego-1 could independently 
silence hairpinpblRNAi 48(313:
A: w; da-Gal4; + x w; pblRNAi4B(3I)-} +
All progeny were killed at the pupal stage 
B: w; da-Gal4; UAST-rr/-7 x w; pblRNAi 4B(31); +
All progeny were killed at the pupal stage
C: w; da-Gal4; UAST-ego-7 x w; pblRNAi 4B(31)\ +
All progeny developed to the adult stage, indicating that ego-1 rescued flies by directly silencing 
hairpin pblRNAi4B(31)
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APPENDIX A4.6 UAST-£G<9-7 IS CAPABLE OF INDEPENDENT 
SILENCING A HAIR-PIN.
C ro ss C ro ss  in G e n o ty p e
N u m b e r  o f  P ro g e n y  w ith  o r w ith o u t 
C y O  p h en o ty p e
N u m b e r  o f  p ro g en y  
w ith  p e b b le  g en e  
s ilen c ed  on  th e  
p o s te rio r
c o m p a rtm e n t o f  th e  
w in g  d isc
A
w ; en -G a l4 /C y O ; U A S T -r r f- l  x  w;
p b lR N A i 4B(3 I); +
C y O 102
0
en -G a l4 > >  p b lR N A i 4Hhl) 
+ U A S T -r r f- l 10
10
B
w ; en -G a l4 /C y O ; U A S P -eg o -1  x  w; 
p b l R N A i 4B(31); +
C y O 76
0
e n -G a l4 »  p b lR N A i 4B(3I) 
+ U A S P -eg o -1 8
8
C*
w ; e n -G a l4 /C y O ; U A S T -eg o -1  x  w; 
p b l R N A i 4B(3 I); +
C y O
147
0
e n -G a l4 »  p b lR N A i 413(31} 
+  U A S T -eg o -1 200
0
ego-1 can independently silence a hairpin gene only under the control of UAST, which is strong for 
somatic cell expression, rather than UASP, which is for germline and somatic cell expression. Three 
parallel crosses were set up as follows to test if rrf-1 and ego-1 can independently silence the hairpin 
pblRNAi4B(3 I)*Please note: Cross in “C” was doubled in order to examine more progeny.
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APPENDIX A5: mRNA DETECTION WITH NORTHERN BLOTTING 
AND HYBRIDIZATION
Lane
#
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^  ^
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#  £  ?<? <? <? <? <? *<y &  <? ö  #  <c
«? /  /  / /  /  /  £ /  /  /  /
/  /  /  /  /  /  /  /  /  /  /  ^ * j
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K*
15
eGFP DNA probe
Appendix Fig. A4 eGFP mRNA detection with Northern blotting and hybridization. ~10 pg of each total 
RNA sample was run on the 1.2% Formaldehyde gel at ~80V for ~2h, followed by overnight blotting onto 
Amersham HybondI M-N+ membrane (GE Healthcare), and the membrane was hybridized with the eGFP 
DNA probe labelled with Ready-to-go DNA labelling Beads (-dCTP) (Amersham Biosciences), finally 
exposed and developed using a Phosphorlmager.
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APPENDIX A6: EGO-1 EXPRESSION QUANTIFICATION
ego-1 expression detection in flies
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Appendix Fig. A5 qRT-PCR quantification of ego-1 expression. To demonstrate that ego-1 itself was 
expressed, we performed qRT-PCR to quantify the mRNAs of ego-1 in various ego-1 transgenic flies. 
Each reaction had 4 replicates. A normalized value for relative ego-1 expression in each line was obtained 
by calculating the mean from the 4 replicates minus the mean values of no RT controls, then dividing by 
the actin mean value.
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APPENDIX A7: ALIGNMENT OF HELICOVERPA PREDICTED
miRNAs
ClustalYV2 aligns all predicted miRNAs sequences
__|__ | __ |__ | N am e
5 15 25 35
7 9 H a l2 0 8  2 -------A A T G  G C A C T G G A A G  A A T T C A C G G G ...............H ar-m ir-2 6 3 a
1 6 8 H a l2 0 8 ......... A A T G  G C A C T G A A A G  A A T T C A C G G G ----------- H ar-m ir-228
2 9 H a l2 0 8 _ l -----------G  G G G A T G T A A C  T C A G - T G G T  A G A G ........ H ar-m ir-2 0 0 2 a
3 0 H a l2 0 8  1 .............. G  G G G A T G T A G C  T C A G - T G G T  A ----------H ar-m ir-2002b
3 2 H a l2 0 8  1 .............. G G G G G C G T A G C  T C A G A -T G G T  A G A G ------ H ar-m ir-2002c
11 7 H a l2 0 8 A G G C A A G A A G  T C G G C A T A G C  T G T ............................Har-mir-31
181 H a l  208 A G G C A A G A A G  T C G G C A T A G C  T G A  -------------- Har-mir-31 a
5 5 H a l2 0 8  2 ...........T A A  G T A G A T T T T G  T T T G G A T T T ..................H ar-m ir-2 0 0 3 b
1 2 2 H a l2 0 8 -------A T A A  G T A G A T A T T G  T C T G G C T T T --------------H ar-m ir-2 0 0 3 a
81 H a l  208 2 — T C T T T G  G T T A T C T A G C  T G T A T G A ----------------H ar-m ir-9a
1 9 0 H a l2 0 8 -— T C T T T G  G T A T C C T A G C  T G T A G A A ............— -  H ar-m ir-9c
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95Hal208 2 —TGGACGG AGAACTGATA AGGGC Har-mir-184
164Hal208
163Hal208
57Hal208_2 
156Hal208
22Hal208_l
144Hal208_
67Hal208 2 
68Hal208_2 
177Hal208
88Hal208 2 
85Hal208_2 
175Hal208_ 
87Hal208_2 
86Hal208 2
-—GGACGG AGAACTGATA AGGGCTT.................Har-mir-184a
—TGGACGG AGAACTGATA AGGGT............-—  Har-mir-184b
■TACC CTGTAGA-T CCGAATTTGT........... Har-mir-10
-AAC CCGTAGA-T CCGAACTTGT G.........Har-mir-100
-GATCCGGCT CGAAGGACCA.......... - Har-mir-2004a
-CATCCGGCT CGAAGGACCA........... Har-mir-2004b
TATC ACAGCCAGCT TTGATGA------ ------ Har-mir-2a
■TATC ACAGCCAGCT TTGTTGACT..............Har-mir-2b
--TC ACAGCCAGCT TTGATGAGCA............Har-mir-2c
-TGACTAGAT TATCACTTAT CCT....... Har-mir-279c
-TGACTAGAT CCACACTCAT CCA------ Har-mir-279
-TGCCTAGAT CCACACTCAT CCA.........Har-mir-279a
-TGACTAGAT CTACACTCAT TGA.........Har-mir-279b
-TGACTAGAT CCATACTCGT CTGC......Har-mir-279d
169Hal208 TCAG GTACCTGAAG TAGCGCGCG- Har-mir-275a
171 Hal208 ....... TCAG GTACCTGAAG TAGCGCGC............... Har-mir-275b
170Hal208 ----- TCAG GTACCTGAAG TAGCGCG-............... Har-mir-275c
172Hal208 .........TAG GAACTTCATA CCGTGCTC........... — Har-mir-276a
173Hal208 ------ TAG GAACTTCATA CCGTGCTCTT............Har-mir-276b
48Hal 208 2 .........GTT AAACTGTAGG TCCCGGCTGT C...... — Har-mir-2005a
198Hal208 .............AAACTGTAGG TCCCGGCTGT C............Har-mir-2005b
127Hal208 -......—  AAACTGTAGG TCCCGGCTGT -.......... Har-mir-2005c
128Hal208 AAACTGTAGG TCCCGGCTGT CATT-—  Har-mir-2005d
APPENDIX A8: PROMOTER REGION SEQUENCE ALIGNMENT
4 5 0
UAST p r o m o t e r  r e g i o n  (3 8 7 )
CTCCGAGCGGAGTACTGTCCTCCGAGCGGAGTACTGTCCTCCGAGCGGAG 
s e q 2 9  ( 2 1 2 )
TTCCGAGCGGAGTACTGTCCTCCGAGCGGAGTACTGTCCTCCGAGCGGAG 
C o n s e n s u s  ( 4 0 1 )
TCCGAGCGGAGTACTGTCCTCCGAGCGGAGTACTGTCCTCCGAGCGGAG
5 0 0
UAST p r o m o t e r  r e g i o n  ( 4 3 7 )
TACTGTCCTCCGÄGCGGAGACTCTAGCGAGCGCCGGAGTATAAATAGAGG 
s e q 2  9 ( 2 6 2 )
TACTGTCCTCCGAGCGGAGACTCTAGTGAGCGCCGGAGTACAAATAGAGG 
C o n s e n s u s  ( 4 5 1 )
TACTGTCCTCCGAGCGGAGACTCTAG GAGCGCCGGAGTA AAATAGAGG
5 5 0
UAST p r o m o t e r  r e g i o n  ( 4 8 7 )
CGCTTCGTCTACGGAGCGACAATTCAATTCAAACAAGCAAAGTGAACACG 
s e q 2 9  ( 3 1 2 )
CGCTTCGTCTACGGAGCGACAATTCAATTCAAACAAGCAAAGTGAACACG 
C o n s e n s u s  ( 5 0 1 )
CGCTTCGTCTACGGAGCGACAATTCAATTCAAACAAGCAAAGTGAACACG
6 0 0
UAST p r o m o t e r  r e g i o n  ( 5 3 7 )
TCGCTAAGCGAAAGCTAAGCAAATAAACAAGCGCAGCTGAACAAGCTAAA 
s e q 2 9  ( 3 6 2 )
TCGCTAAGCGAAAGTTAAGTAAATAAATAAGTGTAGTTGAATAAGTTAAA 
C o n s e n s u s  ( 5 5 1 )
TCGCTAAGCGAAAG TAAG AAATAAA AAG G AG TGAA AAG TAAA
650
139
UAST promoter region (587)
CAATCTGCAGTAAAGTGCAAGTTAAAGTGAATCAATTAAAAGTAACCAGC 
seq29 (412)
TAATTTGTAGTAAAGTGTAAGTTAAAGTGAATTAATTAAAAGTAATTAGT
Consensus (601)
AAT TG AGTAAAGTG AAGTTAAAGTGAAT AATTAAAAGTAA AG
700
UAST promoter region (637)
AACCAAGTAAATCAACTGCAACTACTGAAATCTGCCAAGAAGTAATTATT 
seq29 (462)
AATTAAGTAAATTAATTGTAATTATTGAAATTTGTTAAGAAGTAATTAT- 
Consensus (651)
AA AAGTAAAT AA TG AA TA TGAAAT TG AAGAAGTAATTAT
APPENDIX A9: HELICOVERPA ARMIGERA miRNAs AND THEIR 
CORRESPONDING miRNAs IN SIMILAR SPECIES
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APPENDIX AlO: PUBLISHED PAPER “EXPRESSION OF
CAENORHABDITIS ELEGAVS RNA-DIRECTED RNA POLYMERASE
IN TRANSGENIC DROSOPHILA MELANOGASTER DOES 
AFFECT MORPHOLOGICAL DEVELOPMENT”
NOT
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Abstract Drosophila melanogaster, along with all 
insects and the vertebrates, lacks an RdRp gene. We 
created transgenic strains of Drosophila melanogaster 
in which the rrf-1 or ego-1 RdRp genes from C. elegans 
were placed under the control of the yeast GAL4 
upstream activation sequence. Activation of the gene 
was performed by crossing these lines to flies carrying 
the GAL4 transgene under the control of various 
Drosophila enhancers. RT-PCR confirmed the suc­
cessful expression of each RdRp gene. The resulting 
phenotypes indicated that introduction of the RdRp
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genes had no effect on D. melanogaster morphological 
development.
Keywords RNA-directed RNA polymerase 
(RdRp) • RNA interference (RNAi) •
MicroRNAs (miRNAs)
RNA interference (RNAi) has been widely used for 
efficient and specific post-transcriptional gene silenc­
ing in plants, animals, and fungi (Agrawal et al. 2003; 
Cogoni and Macino 2000; May and Plasterk 2005). 
RNAi is triggered by introduction of double-stranded 
RNA (dsRNA), which is processed into small inter­
fering RNAs (siRNAs, ~ 20-30 nucleotides). The 
siRNAs target complementary nucleic acids, leading 
to mRNA degradation (Fire et al. 1998). This 
mechanism is widely conserved and systemic in both 
plants and nematodes (Voinnet 2005), and is even 
heritable in C. elegans (Grishok et al. 2000). It has 
also been shown to be deeply involved in gene 
expression, epigenetic modification, heterochromatin 
regulation, and in host-parasite interactions (Obbard 
et al. 2009).
In C. elegans, systemic RNAi has been shown to 
require genes for two types of proteins that are not 
found in all organisms. One type of gene encodes 
proteins of the SID family, which are required for 
dsRNA uptake and transport; these include SID-1 
which encodes a multispan transmembrane protein, 
and SID-2, encoding an intestinal luminal transmem­
brane protein that enables passive cellular uptake of
£) Springe:
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Fig. 1 Evolutionary 
relationships of metazoan 
animals and the distribution 
of RdRp genes. The 
metazoan phylogeny is 
compiled from Bourlat et al. 
2006, Delsuc et al. 2006 and 
Simionato et al. 2007. The 
available genomes were 
screened for the presence of 
the RdRp gene (Gordon and 
Waterhouse 2007; Obbard 
et al. 2009). Organisms 
whose names are underlined 
retain the gene; those not 
underlined have lost it. See 
Obbard et al. (2009) for 
details of the sequences 
identified as RdRp genes
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dsRNA (Feinberg and Hunter 2003; Winston et al.
2007) . The other family of genes encodes RNA- 
dependent RNA polymerases (RdRps) that are 
responsible for the production of secondary siRNAs 
(Pak and Fire 2007; Sijen et al. 2007).
Drosophila possesses the gene silencing machin­
ery, including two Dicer-like enzymes and multiple 
members of the Argonaute family (Hammond et al. 
2001; Kawamura et al. 2008; Lee et al. 2004; 
Okamura et al. 2004). Dicer-1 and Ago-1 are 
specialised for production of microRNAs (miRNAs), 
which allow regulation of many endogenous genes by 
either translational repression or deadenylation 
(Okamura and Lai 2008). Dicer-2 and Ago-2 are 
able to generate siRNAs from dsRNA to silence 
genes, to repress transposon transcripts or endoge­
nous mRNAs (Aravin et al. 2007; Okamura and Lai
2008) . Drosophila genes are therefore susceptible to 
cell-specific silencing by dsRNAs transcribed as a 
result of transgenic hairpin introduction (Roignant 
et al. 2003). RNAi has also more recently been shown 
to function in antiviral immunity in adult Drosophila 
(Galiana-Arnoux et al. 2006; Wang et al. 2006; 
Zambon et al. 2006), as previously found in
nematodes (Lu et al. 2005; Schott et al. 2005; 
Wilkins et al. 2005). Upon infection by RNA viruses, 
dsRNA replication intermediates are recognised by 
Dicer-2 and Ago-2 for production of siRNAs (Saleh, 
et al., 2009).
Despite having both siRNA and miRNA pathways, 
in Drosophila, the current accepted view is that genes 
are not susceptible to systemic RNAi by injection or 
feeding (Roignant et al. 2003). This lack of the ability 
to amplify and spread gene silencing is most likely 
due to the absence of any SID or RdRp orthologues, 
although a dsRNA-uptake system has recently been 
identified (Saleh et al. 2006; Ulvila et al. 2006) that 
allows systemic silencing of viral RNAs (Saleh et al.
2009). Possible SID genes are found in most other 
insect orders but on current evidence it is doubtful 
that they function in systemic RNAi. For example the 
multiple SID-1 orthologues in Tribolium are consid­
ered likely not to function in systemic RNAi 
(Tomoyasu et al. 2008). The RdRp gene is missing 
from all insects, as well as from vertebrates (Fig. 1) 
(Gordon and Waterhouse 2007), and no evidence for 
any amplification of RNAi has been observed. We 
therefore asked whether the C. elegans RdRp genes
*£) Springer
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could be introduced into Drosophila in order to study 
the effects on RNAi and possibly immunity. This 
system also allowed us to ask whether there were any 
effects on development, possibly due to interference 
with miRNA regulation of genes.
In order to address this, we introduced the two C. 
elegans RdRp genes, rrf-1 (Aoki et al. 2007) and ego- 
1 (Smardon et al. 2000), into D. melanogaster. The 
RdRp cDNAs rrf-1 (~ 4 .8  kb) and ego-1 ( ~ 5  kb) 
were PCR amplified with enzyme Accuprime™ 
pfx (Invitrogen) . The two primers with Gateway® 
(Invitrogen) recombination sites for amplifying rrf-1 
were attBIFor 5'-GGGGACAAGTTTGTACAAAA 
AAGC AGGCT AT ACC ATGGCGGCCGCGG ACT A-3' 
and attBIRev 5'-GGGG ACC ACTTTGTACAAGAA 
AGCTGGGT AG ATT AAAATTC ACC ATTC AT AA-3', 
and the two primers for amplifying ego-1 were 
attB2For 5'-GGGGACAAGTTTGTACAAAAAAG- 
CAGGCTATCAAC AATGGGGGACG AAG-3' and 
attB2Rev 5'-GGGGACCACTTTGTACAAGAAAG 
CTGGGTAGATCCCTAGATGTTGATGT-3'. The 
PCR products were gel purified, A-tailed and cloned
into pGEM®-T easy vector (Promega), followed by 
heat-shock transformation into E. coli DH10/I com­
petent cells. Plasmids were prepared (Promega) from 
purified single colonies and full coverage sequencing 
confirmed no mutations on either of the RdRp genes 
(data not shown). The RdRp genes were cloned into 
D. melanogaster expression vectors pUAST-DEST, 
for somatic cell expression only, and pUASP-DEST, 
for both somatic and germ cell expression (Rprth 
1998), through Gateway® Recombination (Invitro­
gen). Restriction enzyme digestion confirmed the 
final plasmids pUAST-DEST-rrf-1 and pUASP- 
DEST-ego-1 (data not shown). The concentrated 
plasmids (~ 5 0 0  ng/pl) carrying either rrf-1 or ego-1 
were microinjected into Drosophila embryos which 
were then incubated at 25°C and the resulting adults 
crossed to w " 18. Transformed progeny were identi­
fied by virtue of the presence of coloured eyes and 
crossed to w '" s . One coloured-eye male fly progeny 
was then crossed to w ,n 8 ; lf/Cyo; MKRS/TM6B Hu 
Tb to obtain flies with the genotype $ w^/Cyo/TM6B, 
which were crossed with $  w+/Cyo/MKRS and
FI
F2
w+/If /T M 6 B
If on 2!’d Chrom osom e:
Every fly is Y i*r a n d  MKRS/TM6B is w+ 
If on 3nd C hrom osom e:
MKRS/TM6B is W
If on 3 rd C hrom osom e:
Every fly is w+, and  If/CyO is w + 
If on 2 nd C hrom osom e:
If/CyO is W
Activation by Gal4 driver flies
Fig. 2 Crossing to determine RdRp chromosomal integration 
locations. Male or female flies were crossed with line w,nt< to 
obtain the FI generation with all cells expressing white and 
RdRp genes; males were selected to cross with female double
Cross to  rem ove  ba lancers  
—  4
to  m ak e  hom o zy g o u s  s tocks
balancer lines w; lf/Cyo; MKRS/TM6B to select female w+/  
Cyo/TM6B in the F2 generation, followed by crossing with 
male w+/Cyo/MKRS and vv1 /IfCI'M6B, respectively, to deter­
mine the integration location of the RdRp genes
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Table 1 Genotypes of RdRp transgenic flies and their chro­
mosomal integration locations
RdRp
transgenic
flies
Integration
location
(chromosome)
Genotype
IB II w ;U A S P -rr f- l /C y O ;  +
5C III w; + /C y O ; U A S P -n f-1
6B II w; U A S T -rrf-1 ; +
9C III w; + ; U A ST -rrf-1
2A III w; + ; U A S P -eg o -1
3A II w; U A S P -eg o -1 ; +
4B II w; U A S P -eg o -1 ; +
7A II w; U A S T -eg o -1 ; -f
8A III w; + ; U A ST -ego -1
9B III w; + ; U A S T -eg o -1
11A II w; U A S P -eg o -1 ; -)-
1 IB II w; U A S P -eg o -1 ; +
16A III w; + ; U A ST -ego -1
17A II w; U A S P -eg o -1 ; +
w+/If/TM6B, respectively, to determine the chromo­
somal location of the integrated RdRp genes (Fig. 2). 
Once chromosome location was determined, crosses 
were established to remove balancer chromosomes 
and establish homozygous stocks (Table 1). To 
activate the genes, these flies were crossed with 
those containing Gal4 drivers. For activation in all 
tissues, they were crossed with flies containing a 
general driver, i.e. Tubulin-Gal4 or da-GaI4. For 
tissue-specific expression they were crossed with flies 
carrying en-Gal4 which expresses Gal4 in the 
posterior compartment of the wing disc, or ey-Gal4, 
which expresses Gal4 strongly in the developing eye 
discs.
Activation of the RdRp genes did not elicit any 
observable phenotypic changes in the eyes, wing discs, 
or whole body of adult flies (Fig. 3). In order to 
achieve maximum levels of gene expression through­
out the whole body, flies (w; UAST-ego-1; UAST-rrf-1) 
containing either of the two RdRp genes were made, 
and the genes activated by crossing with Tubulin-Gal4 
flies. Activation with the tissue-specific drivers en- 
Gal4 and ey-Gal4 did not induce any phenotypic 
changes in the developing wing (Fig. 3J-L) or eye 
(Fig. 3 F-H), respectively. RdRp gene expression was 
tested using RNA extracted from pupae of w; da-Gal4/ 
PblRNAi*83-1; UAST-rrf-1 /+ , and w; da-Gal4/PblR- 
NAi4B31\ UAST-ego-1'/+ flies using Superscript0*' III
first-strand synthesis supermix (Invitrogen); success­
ful expression of each RdRp gene was detected 
(Fig. 4a, b). To further demonstrate that the RdRp 
protein has been produced and its enzymatic activity is 
functioning, we tried using an in vitro assay to detect 
the RdRp activity in RdRp-expression transgenic flies. 
However, both these flies and control w1118 showed 
RdRp activities (data not shown); this result was 
recently supported by (Lipardi and Paterson 2009), 
who discovered that Drosophila RNA polymerase II 
core elongator complex subunit, D-elp-1, a non- 
canonical RdRp, has RdRp activity. In order to 
distinguish the exogenous C. elegans canonical RdRp 
from the endogenous non-canonical RdRp, D-elp-1, 
we further tried using alpha-Amanitin (Sigma), a toxic 
substance from the mushroom Amanita phalloides that 
is a potent inhibitor of DNA-dependent RNA poly­
merase II (Lindell et al. 1970), but noticeable inhibi­
tion of endogenous D-elp-1 RdRp activity was not 
detected (data not shown). After this paper was 
submitted, the C. elegans canonical RdRps were 
shown to enhance the RNAi silencing of the exoge­
nous egfp gene in Drosophila (Duan et al., manuscript 
in preparation).
Although phenotypic and morphological changes 
were not observed in flies expressing the two RdRp 
transgenes, it is possible that other properties such as 
fertility could have been affected in the transgenic 
flies. For the lines made using the UAST vector, this 
is however unlikely, since genes introduced using this 
vector are not expressed in the germline (Rprth 
1998). For the UASP-derived lines, the only gener­
ally expressed driver is Tubulin-Gal4, but this 
promoter is not known to be active in the germline. 
Moreover, self-crossing the RdRp expressing flies 
showed fertility to be normal (data not shown).
In conclusion, we successfully introduced two 
C. elegans RdRp genes into D. melanogaster, 
followed by activation at different stages and in 
different tissues. RdRp gene expression was con­
firmed in these lines. The introduction of either of 
these RdRp genes resulted in no visible phenotypic or 
morphological changes during Drosophila develop­
ment. This indicates that expression of RdRps did not 
interfere noticeably with the expression of essential 
developmental genes through, for example, effects on 
the abundance of various types of small ncRNAs (e.g. 
miRNAs), or the silencing of genes triggered with 
these endogenous small ncRNAs. In one-cell-stage
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w; UAST-ego-l/+; Tub-Gai4/+ w;T-ego-lV; T -rrf-l/tub-G al4
Fig. 3 General and tissue specific activation of RclRp genes in 
D. melanogaster. RdRp genes rrf-1 and ego-1 were activated 
by crossing with Gal-4 lines. General activation with the 
Tubulin-Gal4 driver, resulting in expression of RdRp genes in 
all cells, is shown in panels C, M, and N\ tissue specific 
activation was achieved in eyes by the driver Ey-Gal4 (panels 
F, G, and H), and in posterior compartments of the wing discs 
by En-Gal4 (panels J, K, and L). Panels A, B, D, E, and I show
zebrafish embryos, injection of short interfering 
RNAs (siRNAs) has been shown to interfere non- 
specifically with miR-430b, which is important in 
early embryogenesis (Zhao et al. 2008).
The introduction of C. elegans RdRp genes into 
transgenic Drosophila provides a resource to examine 
whether these enzymes can modulate or enhance 
silencing in these insects. For example, these novel 
transgenic flies can be crossed with other lines to 
combine a silencing transgene (e.g. for silencing the
controls either lacking a RdRP gene, or not carrying any 
drivers. In panels H, L and N, “7" stands for “UAST”. In 
general, by comparison with w1' 18 lines, activation of RdRp 
gene(s) resulted in no observable phenotypic and morpholog­
ical changes in these transgenic lines’ development, including 
in shape, bristles, pigment, ommatidia, and wing compartmen- 
tation, except for individual genetic variations
pebble gene) (Shandala et al. 2004) together with the 
RdRp gene(s). This will pave the way to test any role 
of the RdRp genes in the silencing pathway. It is of 
interest that a parallel introduction of the tomato 
RdRp gene into mice showed no effect on gene 
silencing by RNAi (de Wit et al. 2002).
It is also of interest to explore whether the RdRp 
transgenes can function in insect immunity. The 
ability of RdRps to amplify RNA silencing allows 
them a natural role in host immunity, particularly
<£) Springer
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B
Gene
RNA Reverse Transcriptase 
Lane 1
rrf-1 actin 5c ego-1 rrf-1 ego-1
+ . +  +
2 3 4 5 6 7
+ .  + +
8 9 10 11 12 13
Fig. 4 RT-PCR detected RdRp genes expressed in transgenic 
flies, a Lane L. l Kb * DNA ladder (Invitrogen); 2 and 3: First 
strand cDNAs were prepared with RNA from sample (pupa) w; 
da-Gal4/pblRNAi4B.3.1; + , followed by traditional PCR with 
gene specific primers rrf-1 Inter 2 & rrf-1 Fragl (lane 2) and 
ego-1 Inter 1 & ego-1 Frag 2 (lane 3); 4 cDNA was prepared 
with RNA from pupa w; da-Gal4/pblRNAi4B.3.1; UAST-rrf-1/ 
+  , followed by traditional PCR with gene specific primers rrf- 
1 Inter 2 & rrf-1 Fragl; 5: cDNAs were prepared with RNA 
from pupa w; da-Gal4/pblRNAi4B.3.1; UAST-ego-l/+ , fol­
lowed by traditional PCR with gene specific primers ego-1 
Inter 1 & ego-1 Frag 2. pbIRNAi4B.3.1 is dsRNA construct 
targeting endogenous pebble gene, b Lane 1: 1 Kb+ DNA
against RNA virus infection. In Arabidopsis plants, 
the RdRp RDR1 (Atlg 14790) is involved in antiviral 
silencing and mutants are more susceptible to virus 
infection (Yu et al. 2003). Further, C. elegans rrf-1 
has been shown to contribute towards antiviral RNAi 
against vesicular stomatitis virus (VSV) (Schott et al. 
2005). RNAi-based immunity to RNA viruses in 
Drosophila (Galiana-Arnoux et al. 2006; Wang et al. 
2006; Zambon et al. 2006) predominantly involves 
Dicer-2 cleavage of the RNA virus dsRNA replica­
tion intermediates (Flynt et al. 2009). The siRNAs 
thereby generated may also play a role in viral 
silencing, but this appears to be of less significance. 
Amplification of such silencing by the RdRp in 
transgenic flies could be studied to assess the function 
of these enzymes in RNAi mechanisms. Moreover, 
crossing Dicer-2 or Ago-2 mutants with RdRp 
transgenic flies would allow us to ask whether the 
presence of the RdRp can rescue RNAi in any of 
these mutants.
ladder (Invitrogen); From lane 2 to 13, RNA samples were 
extracted from adult flies, corresponding genotypes are: lane 
2-5 w; da-Gal4; UAST-rrf-T, lane 6 and 7 w; da-Gal4; UAST- 
ego-1; lane 8 and 9: w; da-Gal4/pblRNAi4B3,1; UAST-rrf-L, 
lane 10 and 11 w; da-Gal4/pblRNAi4B3.1; UASP-ego-1; lane 
12 and 13 w; UAST-ego-l/+; Tubulin-Gal4/+. RT-PCR 
method is the same as above except that negative controls 
were included without RNA Reverse Transcriptase. RdRp 
detected and reactions where Reverse Transcriptase was added 
are as labelled, actin 5c is a house-keeping gene and served as 
an internal control. Gene specific primers are: actin For: 
TCGACAACGGCTCTGGCA and actin Rev2: TCACACTT 
CATGATGGAGTT
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APPENDIX All:  ABBREVIATION
Table AI 1.1 Abbreviation list
s R N A S m a l l  R N A
m i R N A M i c r o R N A
R d R p R N A - d e p e n d e n t  R N A  p o l y m e r a s e
M S U D
m e i o t i c  s i l e n c i n g  b y  u n p a i r e d  
D N A
R N A i R N A  in t e r f e r e n c e
P T G S p o s t  t r a n s c r i p t i o n a l  g e n e  s i l e n c i n g
d s R N A D o u b l e  s t r a n d e d  R N A
s i R N A S m a l l  in t e r f e r e n c e  R N A
p i R N A P i w i - i n t e r a c t i n g  R N A
R I S C R N A - i n d u c e d  s i l e n c i n g  c o m p l e x
3 ’U T R 3 ’ u n t r a n s l a t e d  r e g i o n
p r i - m i R N A P r i m a r y  m i R N A
p r e - m i R N A s P r e c u r s o r  m i R N A
R N P r i b o n u c l e o p r o t e i n
U A S u p s t r e a m  a c t i v a t i n g  s e q u e n c e
M S P M e t h y l a t i o n - S p e c i f i c  P C R
H E L P
H p a l l  t i n y  f r a g m e n t  E n r i c h m e n t  
b y  L i g a t i o n - m e d i a t e d  P C R
M E D I P
M e t h y l a t e d  D N A  
i m m u n o p r e c i p i t a t i o n
E B r E t h i d i u m  B r o m i d e
I P T G i s o p r o p y l t h i o - ß - D - g a l a c t o s i d e
R F P R e d  f l u o r e s c e n c e  p r o t e in
G F P G r e e n  f l u o r e s c e n c e  p r o t e in
S D S s o d i u m  d o d e c y l  s u l f a te
G R G e n e r a l  R e a r i n g
D E P C D i e t h y l p y r o c a r b o n a t e
REFERENCES:
1. Cogoni C, Macino G (1999) Gene silencing in Neurospora crassa requires a protein 
homologous to RNA-dependent RNA polymerase. Nature 399:166-9.
2. Fire A. et al. (1998) Potent and specific genetic interference by double-stranded RNA 
in Caenorhabditis elegans. Nature 391:806-11.
3. Kennerdell JR. Carthew RW (1998) Use of dsRNA-mediated genetic interference to 
demonstrate that frizzled and frizzled 2 act in the wingless pathway. Cell 95:1017-26.
4. Wolffe AP. Matzke MA (1999) Epigenetics: regulation through repression. Science 
286:481-6.
5. Shiu PK, Raju NB, Zickler D, Metzenberg RL (2001) Meiotic silencing by unpaired 
DNA. Cell 107:905-16.
6. Fire A, Albertson D, Harrison SW, Moerman DG (1991) Production of antisense 
RNA leads to effective and specific inhibition of gene expression in C. elegans 
muscle. Development 113:503-14.
7. Filipowicz W, Bhattacharyya SN, Sonenberg N (2008) Mechanisms of post- 
transcriptional regulation by microRNAs: are the answers in sight? Nat Rev Genet 
9:102-14.
8. Lee RC, Feinbaum RL. Ambros V (1993) The C. elegans heterochronic gene lin-4 
encodes small RNAs with antisense complementarity to lin-14. Cell 75:843-54.
9. Reinhart BJ, et al. (2000) The 21-nucleotide let-7 RNA regulates developmental 
timing in Caenorhabditis elegans. Nature 403:901-6.
10. Pasquinelli RS, et al. (2000) Design of affinity tags for one-step protein purification 
from immobilized zinc columns. Biotechnol Prog 16:86-91.
11. Lagos-Quintana M, Rauhut R, Lendeckel W, Tuschl T (2001) Identification of novel 
genes coding for small expressed RNAs. Science 294:853-8.
12. Lau NC, Lim LP, Weinstein EG, Bartel DP (2001) An abundant class of tiny RNAs 
with probable regulatory roles in Caenorhabditis elegans. Science 294:858-62.
13. Lee RC, Ambros V (2001) An extensive class of small RNAs in Caenorhabditis 
elegans. Science 294:862-4.
14. Carthew RW, Sontheimer EJ (2009) Origins and Mechanisms of miRNAs and 
siRNAs. Cell 136:642-55.
145
15. Hamilton AJ, Baulcombe DC (1999) A species of small antisense RNA in 
posttranscriptional gene silencing in plants. Science 286:950-2.
16. Elbashir SM, et al. (2001) Duplexes of 21-nucleotide RNAs mediate RNA 
interference in cultured mammalian cells. Nature 411:494-8.
17. Bernstein E, Caudy AA, Hammond SM. Hannon GJ (2001) Role for a bidentate 
ribonuclease in the initiation step of RNA interference. Nature 409:363-6.
1 8. Aravin AA, Hannon GJ, Brennecke J (2007) The Piwi-piRNA pathway provides an 
adaptive defense in the transposon arms race. Science 318:761-4.
19. Savitsky M, et al. (2006) Telomere elongation is under the control of the RNAi-based 
mechanism in the Drosophila germline. Genes Dev 20:345-54.
20. Vagin VV, et al. (2006) A distinct small RNA pathway silences selfish genetic 
elements in the germline. Science 313:320-4.
21. Bartel DP (2004) MicroRNAs: genomics, biogenesis, mechanism, and function. Cell 
116:281-97.
22. Bartel DP (2009) MicroRNAs: target recognition and regulatory functions. Cell 
136:215-33.
23. Hutvagner G, Zamore PD (2002) A microRNA in a multiple-turnover RNAi enzyme 
complex. Science 297:2056-60.
24. Mourelatos Z, et al. (2002) miRNPs: a novel class of ribonucleoproteins containing 
numerous microRNAs. Genes Dev 16:720-8.
25. Martinez J, et al. (2002) Single-stranded antisense siRNAs guide target RNA cleavage 
in RNAi. Cell 110:563-74.
26. Pak J, Fire A (2007) Distinct populations of primary and secondary effectors during 
RNAi in C. elegans. Science 315:241-4.
27. Sijen T, Steiner FA, Thijssen KL, Plasterk RH (2007) Secondary siRNAs result from 
unprimed RNA synthesis and form a distinct class. Science 315:244-7.
28. Yekta S, Shih IH, Bartel DP (2004) MicroRNA-directed cleavage of HOXB8 mRNA. 
Science 304:594-6.
29. Lim LP, et al. (2005) Microarray analysis shows that some microRNAs downregulate 
large numbers of target mRNAs. Nature 433:769-73.
30. Du T, Zamore PD (2005) microPrimer: the biogenesis and function of microRNA. 
Development 132:4645-52.
31. Rana TM (2007) Illuminating the silence: understanding the structure and function of 
small RNAs. Nat Rev Mol Cell Biol 8:23-36.
146
32. Okamura K, et al. (2007) The mirtron pathway generates microRNA-class regulatory 
RNAs in Drosophila. Cell 130:89-100.
33. Ruby JG, Jan CH, Bartel DP (2007) Intronic microRNA precursors that bypass 
Drosha processing. Nature 448:83-6.
34. Jones-Rhoades MW, Bartel DP. Bartel B (2006) MicroRNAS and their regulatory 
roles in plants. Annu Rev Plant Biol 57:19-53.
35. Zhou H, et al. miR-155 and its star-form partner miR-155* cooperatively regulate 
type 1 interferon production by human plasmacytoid dendritic cells. Blood 116:5885- 
94.
36. Peters L, Meister G (2007) Argonaute proteins: mediators of RNA silencing. Mol Cell 
26:611-23.
37. Sontheimer EJ, Carthew RW (2005) Silence from within: endogenous siRNAs and 
miRNAs. Cell 122:9-12.
38. Aravin A, Tuschl T (2005) Identification and characterization of small RNAs 
involved in RNA silencing. FEBS Lett 579:5830-40.
39. Landgraf P, et al. (2007) A mammalian microRNA expression atlas based on small 
RNA library sequencing. Cell 129:1401-14.
40. Bentwich I (2005) Prediction and validation of microRNAs and their targets. FEBS 
Lett 579:5904-10.
41. Friedlander MR, et al. (2008) Discovering microRNAs from deep sequencing data 
using miRDeep. Nat Biotechnol 26:407-15.
42. Creighton CJ, Reid JG, Gunaratne PH (2009) Expression profiling of microRNAs by 
deep sequencing. Brief Bioinform 10:490-7.
43. Yang H, et al. (2009) A novel real-time polymerase chain reaction method for high 
throughput quantification of small regulatory RNAs. Plant Biotechnol J  7:621 -30.
44. Chen C, et al. (2005) Real-time quantification of microRNAs by stem-loop RT-PCR. 
Nucleic Acids Res 33:el79.
45. Lipardi C, Paterson BM (2009) Identification of an RNA-dependent RNA polymerase 
in Drosophila involved in RNAi and transposon suppression. Proc Natl Acad Sei U S 
A 106:15645-50.
46. Simmer F, et al. (2002) Loss of the putative RNA-directed RNA polymerase RRF-3 
makes C. elegans hypersensitive to RNAi. Curr Biol 12:1317-9.
47. Smardon A, et al. (2000) EGO-1 is related to RNA-directed RNA polymerase and 
functions in germ-line development and RNA interference in C. elegans. Curr Biol 
10:169-78.
147
48. Gent JI, et al. (2009) A Caenorhabditis elegans RNA-directed RNA polymerase in 
sperm development and endogenous RNA interference. Genetics 183:1297-314.
49. Baulcombe DC (2007) Molecular biology. Amplified silencing. Science 315:199-200.
50. Feinberg EH. Hunter CP (2003) Transport of dsRNA into cells by the transmembrane 
protein SID-1. Science 301:1545-7.
51. Winston WM, et al. (2007) Caenorhabditis elegans SID-2 is required for 
environmental RNA interference. Proc Natl Acad Sei U SA  104:10565-70.
52. Tomoyasu Y, et al. (2008) Exploring systemic RNA interference in insects: a 
genome-wide survey for RNAi genes in Tribolium. Genome Biol 9:R10.
53. Gordon KH, Waterhouse PM (2007) RNAi for insect-proof plants. Nat Biotechnol 
25:1231-2.
54. Roignant JY, et al. (2003) Absence of transitive and systemic pathways allows cell- 
specific and isoform-specific RNAi in Drosophila. Rna 9:299-308.
55. Saleh MC, et al. (2006) The endocytic pathway mediates cell entry of dsRNA to 
induce RNAi silencing. Nat Cell Biol 8:793-802.
56. Ulvila J, et al. (2006) Double-stranded RNA is internalized by scavenger receptor- 
mediated endocytosis in Drosophila S2 cells. J  Biol Chem 281:14370-5.
57. Saleh MC, et al. (2009) Antiviral immunity in Drosophila requires systemic RNA 
interference spread. Nature 458:346-50.
58. Bakhetia M, et al. (2005) RNA interference and plant parasitic nematodes. Trends 
Plant Sei 10:362-7.
59. St Johnston D (2002) The art and design of genetic screens: Drosophila 
melanogaster. Nat Rev Genet 3:176-88.
60. O'Hare K, Rubin GM (1983) Structures of P transposable elements and their sites of 
insertion and excision in the Drosophila melanogaster genome. Cell 34:25-35.
61. Fischer JA, Giniger E, Maniatis T, Ptashne M (1988) GAL4 activates transcription in 
Drosophila. Nature 332:853-6.
62. Brand AH, Perrimon N (1993) Targeted gene expression as a means of altering cell 
fates and generating dominant phenotypes. Development 118:401-15.
63. Ho L, Crabtree GR Chromatin remodelling during development. Nature 463:474-84.
64. Jablonka S, et al. (1992) The influence of Ambroxol on peroxidative processes in lung 
and plasma in dogs after pulmonectomy. Arch Vet Pol 32:57-66.
148
65. Lyko F, Ramsahoye BH, Jaenisch R (2000) DNA methylation in Drosophila 
melanogaster. Nature 408:538-40.
66. Khulan B, et al. (2006) Comparative isoschizomer profiling of cytosine methylation: 
the HELP assay. Genome Res 16:1046-55.
67. Shandala T, et al. (2004) Citron kinase is an essential effector of the Pbl-activated 
Rho signalling pathway in Drosophila melanogaster. Development 131:5053-63.
68. Aoki K, et al. (2007) In vitro analyses of the production and activity of secondary 
small interfering RNAs in C. elegans. Embo J 26:5007-19.
69. Duan G (2005) Transformations of grapevine pathogenes Eutypa lata and 
Phaeomoniella Chlamydospora. Massey University, New Zealand.
70. Duan G, et al. Expression of Caenorhabditis elegans RNA-directed RNA polymerase 
in transgenic Drosophila melanogaster does not affect morphological development. 
Transgenic Res.
71. Dower WJ, Miller JF, Ragsdale CW (1988) High efficiency transformation of E. coli 
by high voltage electroporation. Nucleic Acids Res 16:6127-45.
72. Southern EM (1975) Detection of specific sequences among DNA fragments 
separated by gel electrophoresis. J  Mol Biol 98:503-17.
73. Wang MB, et al. (2001) Replicating satellite RNA induces sequence-specific DNA 
methylation and truncated transcripts in plants. Rna 7:16-28.
74. Alwine JC, Kemp DJ, Stark GR (1977) Method for detection of specific RNAs in 
agarose gels by transfer to diazobenzyloxymethyl-paper and hybridization with DNA 
probes. Proc Natl Acad Sei U SA  74:5350-4.
75. Brosnan CA, et al. (2007) Nuclear gene silencing directs reception of long-distance 
mRNA silencing in Arabidopsis. Proc Natl Acad Sei U SA  104:14741-6.
76. Mitter N, Sulistyowati E, Dietzgen RG (2003) Cucumber mosaic virus infection 
transiently breaks dsRNA-induced transgenic immunity to Potato virus Y in tobacco. 
Mol Plant Microbe Interact 16:936-44.
77. Akhurst RJ, James W, Bird LJ, Beard C (2003) Resistance to the Cry 1 Ac delta- 
endotoxin of Bacillus thuringiensis in the cotton bollworm, Helicoverpa armigera 
(Lepidoptera: Noctuidae). JEcon Entomol 96:1290-9.
78. Yu D, Fan B, MacFarlane SA, Chen Z (2003) Analysis of the involvement of an 
inducible Arabidopsis RNA-dependent RNA polymerase in antiviral defense. Mol 
Plant Microbe Interact 16:206-16.
79. Schott DH, Cureton DK, Whelan SP, Hunter CP (2005) An antiviral role for the RNA 
interference machinery in Caenorhabditis elegans. Proc Natl Acad Sei U S A  
102:18420-4.
149
80. Galiana-Arnoux D. et al. (2006) Essential function in vivo for Dicer-2 in host defense 
against RNA viruses in drosophila. Nat Immunol 7:590-7.
81. Wang XH, et al. (2006) RNA interference directs innate immunity against viruses in 
adult Drosophila. Science 312:452-4.
82. Zambon RA, Vakharia VN, Wu LP (2006) RNAi is an antiviral immune response 
against a dsRNA virus in Drosophila melanogaster. Cell Microbiol 8:880-9.
83. Flynt A, Liu N, Martin R, Lai EC (2009) Dicing of viral replication intermediates 
during silencing of latent Drosophila viruses. Proc Natl Acad Sei U SA  106:5270-5.
84. Agrawal N, et al. (2003) RNA interference: biology, mechanism, and applications. 
Microbiol Mol Biol Rev 67:657-85.
85. Cogoni C, Macino G (2000) Post-transcriptional gene silencing across kingdoms. 
Curr Opin Genet Dev 10:638-43.
86. May RC, Plasterk RH (2005) RNA interference spreading in C. elegans. Methods 
Enzymol 392:308-15.
87. Voinnet O (2005) Non-cell autonomous RNA silencing. FEES Lett 579:5858-71.
88. Obbard DJ, Gordon KH, Buck AH, Jiggins FM (2009) The evolution of RNAi as a 
defence against viruses and transposable elements. Philos Trans R Soc Lond B Biol 
Sei 364:99-115.
89. Maine EM, et ai. (2005) EGO-1, a putative RNA-dependent RNA polymerase, is 
required for heterochromatin assembly on unpaired dna during C. elegans meiosis. 
Curr Biol 15:1972-8.
90. Hammond SM, et al. (2001) Argonaute2, a link between genetic and biochemical 
analyses of RNAi. Science 293:1146-50.
91. Kawamura Y, et al. (2008) Drosophila endogenous small RNAs bind to Argonaute 2 
in somatic cells. Nature 453:793-7.
92. Lee YS, et al. (2004) Distinct roles for Drosophila Dicer-1 and Dicer-2 in the 
siRNA/miRNA silencing pathways. Cell 117:69-81.
93. Okamura K, Lai EC (2008) Endogenous small interfering RNAs in animals. Nat Rev 
Mol Cell Biol 9:673-8.
94. Pham JW, et al. (2004) A Dicer-2-dependent 80s complex cleaves targeted mRNAs 
during RNAi in Drosophila. Cell 117:83-94.
95. Prokopenko SN, et al. (1999) A putative exchange factor for Rhol GTPase is required 
for initiation of cytokinesis in Drosophila. Genes Dev 13:2301-14.
150
96. Zhang YQ, Rodesch CK, Broadie K (2002) Living synaptic vesicle marker: 
synaptotagmin-GFP. Genesis 34:142-5.
97. Ren D. et al. (2001) A prokaryotic voltage-gated sodium channel. Science 294:2372- 
5.
98. Chang H (2004). Chang constructs and insertions, pers. comm., FlyBase.
99. Hetzl J, Foerster AM, Raidl G, Mittelsten Scheid O (2007) CyMATE: a new tool for 
methylation analysis of plant genomic DNA after bisulphite sequencing. Plant J  
51:526-36.
100. Grishok A, Sinskey JL, Sharp PA (2005) Transcriptional silencing of a transgene by 
RNAi in the soma of C. elegans. Genes Dev 19:683-96.
101. Claycomb JM, et al. (2009) The Argonaute CSR-1 and its 22G-RNA cofactors are 
required for holocentric chromosome segregation. Cell 139:123-34.
102. McKee BD (2004) Homologous pairing and chromosome dynamics in meiosis and 
mitosis. Biochim Biophys Acta 1677:165-80.
103. Huang J, et al. (2009) Genome-wide identification of Schistosoma japonicum 
microRNAs using a deep-sequencing approach. PLoS One 4:e8206.
104. Astier-Manifacier S, Cornuet P (1971) RNA-dependent RNA polymerase in Chinese 
cabbage. Biochim Biophys Acta 232:484-93.
105. Duda CT, Zaitlin M, Siegel A (1973) In vitro synthesis of double-stranded RNA by an 
enzyme system isolated from tobacco leaves. Biochim Biophys Acta 319:62-71.
106. Schiebel W, et al. (1993) RNA-directed RNA polymerase from tomato leaves. I. 
Purification and physical properties. J  Biol Chem 268:11851-7.
107. Takanami Y, Fraenkel-Conrat H (1982) Comparative studies on ribonucleic acid 
dependent RNA polymerases in cucumber mosaic virus infected cucumber and 
tobacco and uninfected tobacco plants. Biochemistry 21:3161-7.
108. Gordon KH, Gill DS, Symons RH (1982) Highly purified cucumber mosaic virus- 
induced RNA-dependent RNA polymerase does not contain any of the full length 
translation products of the genomic RNAs. Virology 123:284-95.
109. Schiebel W, et al. (1998) Isolation of an RNA-directed RNA polymerase-specific 
cDNA clone from tomato. Plant Cell 10:2087-101.
110. Cerutti H, Casas-Mollano JA (2006) On the origin and functions of RNA-mediated 
silencing: from protists to man. Curr Genet 50:81-99.
111. Stein P, Svoboda P, Anger M. Schultz RM (2003) RNAi: mammalian oocytes do it 
without RNA-dependent RNA polymerase. Rna 9:187-92.
151
112. Mourrain P, et al. (2000) Arabidopsis SGS2 and SGS3 genes are required for 
posttranscriptional gene silencing and natural virus resistance. Cell 101:533-42.
113. Qu F, et al. (2005) RDR6 has a broad-spectrum but temperature-dependent antiviral 
defense role in Nicotiana benthamiana. J  Virol 79:15209-17.
114. He J, et al. Isolation, expression and functional analysis of a putative RNA-dependent 
RNA polymerase gene from maize (Zea mays L.). Mol Biol Rep 37:865-74.
115. Lindell TJ, et al. (1970) Specific inhibition of nuclear RNA polymerase II by alpha- 
amanitin. Science 170:447-9.
116. Elbashir SM, Lendeckel W, Tuschl T (2001) RNA interference is mediated by 21- 
and 22-nucleotide RNAs. Genes Dev 15:188-200.
117. Vaistij FE, Jones L, Baulcombe DC (2002) Spreading of RNA targeting and DNA 
methylation in RNA silencing requires transcription of the target gene and a putative 
RNA-dependent RNA polymerase. Plant Cell 14:857-67.
118. Voinnet O, Vain P, Angell S, Baulcombe DC (1998) Systemic spread of sequence- 
specific transgene RNA degradation in plants is initiated by localized introduction of 
ectopic promoterless DNA. Cell 95:177-87.
119. Sijen T, et al. (2001) On the role of RNA amplification in dsRNA-triggered gene 
silencing. Cell 107:465-76.
120. Wassenegger M, Krczal G (2006) Nomenclature and functions of RNA-directed RNA 
polymerases. Trends Plant Sei 11:142-51.
121. Alder MN. Dames S, Gaudet J, Mango SE (2003) Gene silencing in Caenorhabditis 
elegans by transitive RNA interference. Rna 9:25-32.
122. Tijsterman M, et al. (2002) RNA helicase MUT-14-dependent gene silencing 
triggered in C. elegans by short antisense RNAs. Science 295:694-7.
123. Makeyev EV, Bamford DH (2002) Cellular RNA-dependent RNA polymerase 
involved in posttranscriptional gene silencing has two distinct activity modes. Mol 
Cell 10:1417-27.
124. Dalmay T, et al. (2000) An RNA-dependent RNA polymerase gene in Arabidopsis is 
required for posttranscriptional gene silencing mediated by a transgene but not by a 
virus. Cell 101:543-53.
125. Jin KL, et al. (2008) Expression profile of histone deacetylases 1, 2 and 3 in ovarian 
cancer tissues. J  Gynecol Oncol 19:185-90.
126. Liu N, Olson EN MicroRNA regulatory networks in cardiovascular development. Dev 
Cell 18:510-25.
152
127. Small EM, Olson EN Pervasive roles of microRNAs in cardiovascular biology. 
Nature 469:336-42.
128. Trang P. et al. Systemic Delivery of Tumor Suppressor microRNA Mimics Using a 
Neutral Lipid Emulsion Inhibits Lung Tumors in Mice. Mol Ther 19:1116-22.
129. Ebert MS, Neilson JR. Sharp PA (2007) MicroRNA sponges: competitive inhibitors 
of small RNAs in mammalian cells. Nat Methods 4:721-6.
130. van Rooij E, Marshall WS, Olson EN (2008) Toward microRNA-based therapeutics 
for heart disease: the sense in antisense. Circ Res 103:919-28.
131. Pasquinelli AE, Ruvkun G (2002) Control of developmental timing by micromas and 
their targets. Annu Rev Cell Dev Biol 18:495-513.
132. Caygill EE, Johnston LA (2008) Temporal regulation of metamorphic processes in 
Drosophila by the let-7 and miR-125 heterochronic microRNAs. Curr Biol 18:943- 
50.
133. Townley-Tilson WH, Callis TE, Wang D MicroRNAs 1, 133, and 206: critical factors 
of skeletal and cardiac muscle development, function, and disease. Int J  Biochem Cell 
Biol 42:1252-5.
134. Alvarez-Saavedra E, Horvitz HR Many families of C. elegans microRNAs are not 
essential for development or viability. Curr Biol 20:367-73.
135. Ambros V MicroRNAs: genetically sensitized worms reveal new secrets. Curr Biol 
20:R598-600.
136. Brenner JL, et al. Loss of individual microRNAs causes mutant phenotypes in 
sensitized genetic backgrounds in C. elegans. Curr Biol 20:1321-5.
137. Hipfner DR, Weigmann K, Cohen SM (2002) The bantam gene regulates Drosophila 
growth. Genetics 161:1527-37.
138. Brennecke J, et al. (2003) bantam encodes a developmentally regulated microRNA 
that controls cell proliferation and regulates the proapoptotic gene hid in Drosophila. 
Cell 113:25-36.
139. Parrish JZ, et al. (2009) The microRNA bantam functions in epithelial cells to 
regulate scaling growth of dendrite arbors in drosophila sensory neurons. Neuron 
63:788-802.
140. van Rooij E, et al. (2008) Dysregulation of microRNAs after myocardial infarction 
reveals a role of miR-29 in cardiac fibrosis. Proc Natl Acad Sei U SA  105:13027-32.
141. Yang B, et al. (2007) The muscle-specific microRNA miR-1 regulates cardiac 
arrhythmogenic potential by targeting GJA1 and KCNJ2. Nat Med 13:486-91.
153
142. Zhao Y, et al. (2007) Dysregulation of cardiogenesis, cardiac conduction, and cell 
cycle in mice lacking miRNA-1-2. Cell 129:303-17.
143. Xin M, et al. (2009) MicroRNAs miR-143 and miR-145 modulate cytoskeletal 
dynamics and responsiveness of smooth muscle cells to injury. Genes Dev 23:2166- 
78.
144. Xu N, et al. (2009) MicroRNA-145 regulates OCT4, SOX2, and KLF4 and represses 
pluripotency in human embryonic stem cells. Cell 137:647-58.
145. Liu S, et al. MicroRNAs show diverse and dynamic expression patterns in multiple 
tissues of Bombyx mori. BMC Genomics 11:85.
146. Zhang H, et al. (2002) Human Dicer preferentially cleaves dsRNAs at their termini 
without a requirement for ATP. Embo J 21:5875-85.
147. Doench JG, Sharp PA (2004) Specificity of microRNA target selection in 
translational repression. Genes Dev 18:504-11.
148. Olsen PH, Ambros V (1999) The lin-4 regulatory RNA controls developmental timing 
in Caenorhabditis elegans by blocking LIN-14 protein synthesis after the initiation of 
translation. Dev Biol 216:671-80.
149. Kim J, et al. (2004) Identification of many microRNAs that copurify with 
polyribosomes in mammalian neurons. Proc Nad Acad Sei U SA  101:360-5.
150. Lim LP. et al. (2003) Vertebrate microRNA genes. Science 299:1540.
151. Krichevsky AM, et al. (2003) A microRNA array reveals extensive regulation of 
microRNAs during brain development. Rna 9:1274-81.
152. Liu CG, et al. (2004) An oligonucleotide microchip for genome-wide microRNA 
profiling in human and mouse tissues. Proc Natl Acad Sei U SA  101:9740-4.
154
